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 Novel ecosystems are increasingly common, and the stability and functioning of novel 
ecosystems depends on the ability of species to fulfil functional roles such as seed dispersal. The 
morphology and foraging behavior of non-native species can influence their ability to fulfil 
functional roles; however, the relationship between form and function may change as they 
experience morphological change. My research aimed to describe the rapid morphological 
change of the main frugivorous birds on the Hawaiian Island of Oʻahu where all native 
frugivores have gone extinct. To understand how the morphological changes may influence the 
species’ ecology, I then related their foraging and movement behavior to their morphology. 
Lastly, I used point counts conducted across the island to describe the spatial heterogeneity of the 
bird community and then related that heterogeneity and species’ abundances to habitat and 
environmental variables.   
I found that on the Hawaiian Island of Oʻahu, the primary avian frugivores (all non-
native) have experienced morphological divergence from their native ranges with the general 
trend of smaller body measurements and more robust bills on Oʻahu. Further, I found significant 
relationships between morphology and ecology across the four main frugivores, suggesting a link 
between their form and ecological function. However, I found that ecomorphological 
relationships did not apparently explain patterns of community structure and that spatial 
heterogeneity in communities was driven primarily by elevation and invasion level. Still, two of 
the main frugivorous bird species, Zosterops japonicus and Pycnonotus cafer did show habitat 
associations that coincided with their morphology being the species with the larger wing in 
relation to their tarsi and occupying open habitats. My results indicate that species with more 
distinct ecologies and morphologies are more likely to establish (i.e. ecological filtering) during 
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the introduction process which conserves the relationship between form and function in Oʻahu’s 
novel bird community. Thus, rapid morphological change potentially only further strengthens 
that relationship. Additionally, in combination, the presence of rapid morphological change and 
ecomorphological relationships suggests that rapid morphological change may influence the 
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CHAPTER 1: GENERAL INTRODUCTION  
Anthropogenic activities have created novel ecosystems and communities across the 
globe (Hobbs et al. 2006, Lugo et al. 2012) making them a defining characteristic of the 
Anthropocene (Lewis and Maslin 2015). Novel ecosystems are defined as “a system of abiotic, 
biotic, and social components (and their interactions) that, by virtue of human influence, differs 
from those that prevailed historically…” (Hobbs et al. 2013). There are three main processes that 
are responsible for the creation of novel ecosystems: the extinction and/or introduction of 
species, climate change, and the development and destruction of the landscape (Hobbs et al. 
2006). In particular, human activity has made it possible for species to cross-geographical 
barriers to dispersal creating unique communities in most, if not all, biogeographic areas of the 
globe (Vitousek et al. 1997). Since Elton’s seminal book (1958) spurred the creation of the 
invasion ecology field, the effects of introduced species on native communities and species has 
been a main focus of conservation science (Pyšek et al. 2012). However, the functioning and 
stability of the novel communities that are created through the introduction of non-native species 
has only started to be explored.  
The stability and functioning of novel communities arise from how individual species 
respond to changes in the environment (Williams and Jackson 2007). In the case of novel 
communities that have been created through the introduction of non-native species, the change in 
the environment arises through the exposure to novel competitors and resources which can cause 
shifts in both the non-native and native species’ ecology (Sax et al. 2007). It is largely thought 
that non-native species are less specialized than native species (Clavel et al. 2011), and the loss 
of specialization within a community can result in the failure or incomplete fulfilment of the 
ecosystem services provided by the species within the community (e.g. Pejchar 2015). However, 
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the ability of non-native species to fulfil ecological roles within novel ecosystems may be related 
to their adaptability to the new environments and how the community is assembled. 
Beyond just understanding their stability and functioning, studying novel ecosystems has 
led to a better grasp on basic ecological and evolutionary questions such as the rate and processes 
of adaptive evolution and the processes that lead to the assembly of complex communities of 
coexisting species (Sax et al. 2007). In novel communities, non-native species, and the native 
species with which they interact, can be under intense evolutionary pressures due to changes in 
the environment, ecological release, and/or novel species that act as competitors or predators 
(Colautti and Lau 2015). The evolutionary response to these pressures can happen within 
relatively few generations and, therefore, can influence and be influenced by ecological 
processes (Thompson 1998). Examples of rapid evolution occur across all types of life and have 
been produced in lab settings as well as observed in wild populations (Thompson 1998, Hendry 
and Kinnison 1999, Fussman et al. 2007). A classic example of rapid changes in the environment 
creating rapid evolutionary change is the peppered moth (Biston betularia) pigmentation during 
the English industrial revolution where the populations shifted towards darker morphs due to the 
higher ability to blend into the darker environment (Clarke et al. 1990). Ecological release can 
occur through introduction/dispersal into a new area or the extinction/extirpation of ecological 
enemies. When the small Indian mongoose (Hepestes javanicus) was introduced to islands in the 
South Pacific it underwent ecological release and the populations on the islands evolved to have 
increased tooth size presumably due to the inclusion of more food types in their diet (Simberloff 
et al. 2000).  
Since rapid evolutionary change can occur on ecological timescales, it can act as an 
ecological process that can influence interspecific interactions (Thompson 1998, Johnson and 
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Stinchcombe 2007).  Therefore, rapid evolutionary change can have rippling effects through 
communities (Johnson and Stinchcombe 2007). The effects of rapid evolutionary change on 
species interactions have been summarized into four main categories: evolution of trophic links, 
evolution of defense, loss of trait in the absence of interaction, and an overall change in the 
outcome of the interaction (Thompson 1998). For example, the functional extinctions of large-
gaped dispersers have caused the evolution of smaller seed size in the palm Euterpe edulis which 
increased the interactions between the palm and smaller frugivores (animals that eat fruit and 
disperse seeds) (Galetti et al. 2013). Additionally, the extinction/extirpation of many Hawaiian 
Lobelia species resulted in shifts in the diets of iʻiwi (Vestiaria coccinea), a Hawaiian 
honeycreeper, to oʻhia (Metrosideros polymorpha), an important canopy tree in Hawaiʻi, causing 
the evolution of shorter bills in iʻiwi and strengthening the interactions between the two species 
(Smith et al. 1995). The influence that rapid evolution can have on community structure and 
dynamics has great implications for the understanding of the stability and long-term dynamics of 
ecological communities affected by species loss and/or introduction. 
Research into the role evolution has in the dynamics of communities has largely been 
limited to relatively simple communities comprised mainly of only two or three species 
(Fussman et al. 2007, Koch et al. 2014). However, conflicting results from this research 
(Yoshida et al. 2013, Abrams and Matsuda 1997, Hochberg and Holt 1995, Shreiber and Vejdani 
2006) has led to the conclusion that few generalizations can be made about how evolution can 
alter the interactions between species (Fussman et al. 2007). When focusing on the evolution of 
traits, antagonistic interactions, such as predator-prey, are thought to create selective pressures 
that would lead to mismatches between traits of the predator and prey (Sazatornil et al. 2016, 
Raimundo et al. 2018), while mutualistic interactions are thought to select for trait matching 
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between partners (Toju and Sota 2006, Siepielski and Benkman 2009, Raimundo et al. 2018). 
Moreover, the addition of more species into communities was initially thought to decrease the 
evolutionary pressures that interacting species had on each other (Vermeij 1987). However, 
Abrams (1991) found the opposite with increased coupling between the focal predator-prey pair. 
Still, overall, evolution of defenses and prey choice after the introduction of a third species 
promoted coexistence within the community by reducing population fluctuations (Yamauchi and 
Yamamura 2005).  
However, morphological changes are not restricted to the incumbent species of the 
community with many examples of rapid morphological change occurring in non-native species. 
The morphological changes of non-native species can be the result of stochastic (e.g. founding 
events, random genetic drift, and bottlenecks; Wares et al. 2005, Clegg 2009) and/or adaptive 
processes (e.g. natural selection or phenotypic plasticity; Sakai et al. 2001), but regardless of the 
mechanism, rapid morphological change can influence a species’ ecology (Thompson 1998, 
Reznick and Ghalambor 2001, Schoener 2011). For instance, the introduction of the Argentinian 
ant (Linepithema humile) caused a massive bottleneck in the California populations leading to 
less intraspecific aggression and the formation of super colonies that are interspecifically 
dominant (Tsutsui et al. 2000). However, while many examples of selection driving 
morphological change exist for non-native species (e.g. Losos et al. 1997, and reviewed in 
Reznick and Ghalambor 2001), studies that directly show natural selection as a cause of shifts in 
ecology of non-native species are limited (Lambrinos 2004).  
The link between the evolution of traits and a species’ ecology can have important 
implications for the ability of a species to fulfil functional roles within the novel community. 
Morphological traits are often used as a proxy when assessing the functional roles species play in 
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an ecosystem (Ricklefs 2012). A species’ ecological function and morphology are linked through 
the idea that a species’ morphology has evolved to fit their specific environment and ecological 
niche (Ricklefs and Miles 1994). Ecomorphological relationships have been shown in many 
systems and organisms. In particular, some bird clades and communities have exceptionally 
strong relationships between foraging ecology and morphology (Miles and Ricklefs 1984, Leisler 
and Winkler 1985, Miles et al. 1987). Bill morphology, for instance, has a well-established link 
to what and how birds eat (Schluter and Grant 1984, Tokita et al. 2017, Felice et al. 2019) with 
bill morphology often determining what some birds can and cannot eat efficiently (Leisler and 
Winkler 1985, Jordano 2000). Generally, it has been suggested that shorter, thinner bills are 
characteristic of specialization for foliage gleaning while deeper more robust bills are 
characteristic of a more generalized diet (Leisler and Winkler 1985, Moermond and Denslow 
1985, Clegg and Owens 2002).  Additionally, shorter wings and longer tarsi are better adapted 
for the movement through the dense vegetation with the reverse being better adapted for longer 
flights during foraging (Savile 1957, Leisler and Winkler 1985).  
Bird communities have long been used to understand how ecological communities are 
structured and how that structure promotes community stability and the coexistence of species 
(Karr 1971, MacArthur et al. 1972, Wiens 1989). Ecomorphological relationships can be used to 
show how species within a community partition the available niche space and potentially 
describe how species use certain habitats. If the community contains specialized species, the 
ecomorphological relationships can then help to understand the distribution and habitat 
associations of species based on vegetation physiognomy (i.e. the vegetation structure) and 
floristics (i.e. the species composition of the plant community). For example, ʻapapane 
(Himatione sanguine), a Hawaiian honeycreeper, has a strong relationship with oʻhia and has a 
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bill that is thought to be adapted for foraging on oʻhia nectar (Scott et al. 1986). When there were 
diebacks of oʻhia the ʻapapane populations in those areas decreased dramatically (Scott et al. 
1986, Camp et al. 2019). The relationship between the bill morphology of ʻapapane and its 
ability to forage on oʻhia was strong enough to explain its association with oʻhia forest habitats.  
Abiotic factors have also been shown to drive patterns of bird community heterogeneity 
and diversity.  For example, a global review of the effect of elevation on bird community 
structure, showed that it influences community structure across a range of systems through its 
effect on many different aspects of the abiotic and biotic environment (e.g. temperature, 
moisture, plant community turnover, etc.) (McCain 2009). Similarly, rainfall can also have 
important effects on bird species distributions through its influence on resources (Karr 1976, 
Tischler et al. 2013). Understanding the habitat associations and drivers of community structure 
and diversity is crucial since birds are an important part of ecosystems world-wide, providing 
services such as gene flow (e.g. seed dispersal); nutrient flow, deposition and turnover; and pest 
regulation (Şekercioğlu et al. 2004). Thus, changes in bird community composition patterns can 
influence other ecosystem processes through interactions between the bird community and other 
trophic levels (Şekercioğlu et al. 2004). In particular, birds are critical for seed dispersal in many 
ecosystems, often shaping plant communities (Herrera 2003, González‐Castro et al. 2019) and 
increasing their resiliency to disturbance (Mills et al. 1993, Lundberg and Moberg 2003). 
Seed dispersal is critical for gene flow, regeneration, and community stability in forest 
ecosystems (Caves et al. 2013) and should be investigated from the perspective of the entire 
community (Carlo and Yang 2011). Given that in tropical forests the majority of woody plants 
produce fruit and are dispersed by fruit-eating vertebrates (Carlquist 1974, Jordano 2000, 
Fleming and Kress 2013), the importance of plant-frugivore relationships is exceedingly high for 
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tropical systems (Terborgh et al. 1990). The loss of frugivorous birds has been associated with a 
reduction in forest regeneration and gene flow (Caves et al. 2013). Due to the global spread of 
species from anthropogenic activities, many seed dispersal networks (i.e. a web of mutualistic 
seed dispersal interactions between frugivores and plants) include non-native species. However, 
non-native species lack an evolutionary and co-evolutionary history in these environments 
leading to the hypothesis that they would not be effective replacements for the lost native 
frugivores (Traveset and Rchardson 2006, Chimera and Drake 2010). Still, non-native species 
can become fully integrated into seed dispersal networks and incompletely fulfil the lost seed 
dispersal services of extinct native species (Foster and Robinson 2007, Aslan et al. 2014, Pejchar 
2015, Vizentin-Bugoni et al. 2019). 
Island systems have had massive losses of species due to overhunting, habitat destruction, 
and the introductions of predators and parasites (Vitousek et al. 1997). In particular, the 
Hawaiian archipelago has been coined the extinction capitol of the world (Vitousek et al. 1987). 
In fact, 72% of native land bird species across the archipelago have gone extinct accounting for 
15% of bird extinctions worldwide in the last 700 years (Walther 2016). Moreover, many of the 
remaining native species left on the islands have restricted ranges. Indeed, even though the 
archipelago only represents 0.2% of the United States of America’s land area, 33% of the 
endangered or threatened plant and bird species listed by the United States of America can be 
found in Hawaiʻi (Vitousek et al. 1987). Many of the native bird species on Hawaiʻi occupy the 
higher elevation forests due to the combined effects of anthropogenic disturbance (van Riper and 
Scott 2001) and non-native mosquitos that carry avian malaria (Plasmodium relictum; Atkinson 
et al. 2014, Paxton et al. 2016). The extinct species of Hawaiʻi have been now replaced with a 
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collection of species introduced to the islands since their discovery by humans approximately 
2000 years ago. 
Of all the main Hawaiian Islands, the island of Oʻahu possesses some of the most 
modified landscapes and ecological communities. Of the remaining forests of Oʻahu, only 1% 
are relatively undisturbed (Gagné 1988). Even in some historically conserved areas, 70% of the 
native plant species richness has been lost in the last fifty years and nearly half of the total tree 
basal area in those areas are now made up of non-native species (Hibit and Daehler 2019). The 
bird community has also suffered from an extreme loss of species with all but three native 
passerines going extinct on Oʻahu (the ‘apapane – Himatione sanguinea, O‘ahu amakihi – 
Chlorodrepanis flavus, and O‘ahu ‘elapaio – Chasiempis ibidis; Walther 2016, Pyle and Pyle 
2017). Unfortunately, the Oʻahu ‘elapaio that is endemic to O‘ahu is currently listed as 
endangered by the IUCN with a declining population of only 1,261 individuals left (BirdLife 
International 2016). A consequence of losing so many native species on Oʻahu is likely 
unoccupied niche space for non-native species to fill. Indeed, 42 of the approximately 180 
species of terrestrial non-native bird species that have been introduced to Oʻahu over the past 
200 years now have established populations on the island (Pyle and Pyle 2017).  
While the loss of native ecosystems on Hawaiʻi is extremely unfortunate, it presents a 
unique opportunity to examine rapid morphological change and ecology of novel bird 
communities (Vitousek et al. 1987). In fact, some bird species introduced to Hawaiʻi have been 
shown to exhibit significant morphological (Mathys and Lockwood 2011, Valentin et al. 2018) 
and genetic (Foster et al. 2018, Valentin et al. 2018) divergence among the main Hawaiian 
Islands. Further, recent work has demonstrated that non-native frugivorous birds are responsible 
for the vast majority of seed dispersal on Oʻahu (Vizentin-Bugoni et al. 2019) and that the seed 
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dispersal networks resemble thoseof native dominated systems. Given the propensity of non-
native species to undergo rapid evolutionary change, I aimed to (1) determine if the four non-
native bird species that are the primary seed dispersers on Oʻahu have diverged from their native 
range and generate hypotheses of the processes behind the divergence; (2) describe the 
ecomorphological relationships within the bird community to understand how morphological 
change may impact their ecology; and (3) describe the habitat associations for the common 
species within the bird community, and determine the drivers of bird community diversity and 
heterogeneity. The goal of this dissertation is to generate hypotheses of the role rapid 
morphological divergence may play in structuring novel communities and influence their 
ecological functioning and stability.  
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CHAPTER 2: RAPID MORPHOLOGICAL CHANGE OF NON-NATIVE FRUGIVORES 
ON THE HAWAIIAN ISLAND OF OʻAHU1 
 
ABSTRACT 
Novel ecosystems have become widespread, created, in part, by the global spread of 
species. The non-native species in these environments can be under intense evolutionary 
pressures that cause rapid morphological change, which can then influence species interactions. 
In Hawai’i, much of the native frugivore community is extinct, replaced by non-native bird 
species. Here, I determined if the passerine species of the non-native frugivore community on 
O‘ahu have morphologically diverged from their native ranges. I compared a variety of traits, all 
important for frugivory, between museum specimens from the species’ native ranges to wild 
individuals from O‘ahu. All four species tested exhibited significant divergence ranging in 
magnitude from 2.3% to 13.0% difference in at least two traits. Using a method developed from 
quantitative genetics, I found evidence that a mixture of non-adaptive and adaptive processes 
worked in concert to create the observed patterns of divergence. My results suggest rapid 
morphological change is occurring and, based on the traits measured, that these changes may 
influence seed dispersal effectiveness. Since these species are largely responsible for seed 
dispersal on the island, the rapid morphological change of these species can influence the 
stability and maintenance of plant communities on O‘ahu.
                                                 
1 This chapter has been published in Evolution. Full citation: 
Gleditsch, J. M. and J. H. Sperry (2019) Rapid morphological change of nonnative frugivores on the Hawaiian 




 Novel ecosystems and communities of interacting species that have not evolved within 
the same environment have become the norm in much of the world (Hobbs et al. 2006, Lugo et 
al. 2012). In particular, the global spread of species due to human activity has created novel 
communities in most, if not all, biogeographic areas of the globe (Vitousek et al. 1997). In these 
communities, non-native species, and the native species with which they interact, can be under 
intense evolutionary pressures due to rapid changes in the environment, ecological release, 
and/or novel species that act as competitors or predators (Colautti and Lau 2015). Indeed, many 
studies have found rapid morphological change in non-native species (e.g., Indian Mongoose – 
Hepestes javanicus: Simberloff et al. 2000, House sparrow – Passer domesticus: Lima et al. 
2012, various non-native plants: Colautti and Lau 2015).  These changes can be the result of 
stochastic (e.g. founding events, random genetic drift, and bottlenecks; Wares et al. 2005, Clegg 
2009) and/or adaptive processes (e.g. natural selection or phenotypic plasticity; Sakai et al. 
2001), but regardless of the mechanism, rapid morphological change occurs on an ecological 
timescale and can influence a species’ ecology through eco-evolutionary feedbacks (Thompson 
1998, Reznick and Ghalambor 2001, Schoener 2011). 
 The structure, stability, and functioning of ecological communities depends on how 
species interact, and changes in those interactions due to rapid morphological change can 
influence the short-term and potentially long-term community dynamics and stability (Thompson 
1998, Yoshida et al. 2003, Koch et al. 2014). Few studies have investigated the influence of 
rapid morphological change on community dynamics in terrestrial vertebrate communities 
(Losos et al. 1997, Schoener 2011). Instead, most studies have focused on communities of short-
lived microorganisms, invertebrates, or plants (reviewed in Thompson 1998, Post and Palkovacs 
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2009). Additionally, these studies mainly focus on a subset of larger communities by 
investigating the role of rapid morphological change in shaping the dynamics of simple predator-
prey or other consumer-resource model systems (reviewed in Pelletier et al. 2009, Schoener 
2011). Therefore, the influence of rapid morphological changes on community stability, 
structure, and functioning is still largely unknown (Pelletier et al. 2009). Understanding 
morphological change, with a focus on those traits that influence species interactions, is the first 
step in predicting community level impacts. 
Animal-mediated seed dispersal is a vital ecosystem service, critical to the maintenance 
and stability of plant communities (Howe and Smallwood 1984). In the tropics, frugivores, 
animals that eat fruit and disperse seeds, are particularly important since the majority of woody 
species bear fleshy fruit (Jordano 2000, Fleming and Kress 2013). In many tropical regions, 
frugivore communities have been greatly altered through the extinctions of native species and the 
introductions of non-native species (Lugo et al. 2012). The effectiveness of non-native frugivores 
to disperse seeds of native fruit-bearing plants has been called into question due to a lack of 
evolutionary history between them (Kelly et al. 2006, Traveset and Richardson 2006, Chimera 
and Drake 2010). However, non-native bird species can and do disperse native plants, partially 
filling the role of the extinct native frugivores (Kelly et al. 2006, Foster and Robinson 2007, 
Kawakami et al. 2009, Burns 2012, García et al. 2014, Pejchar 2015). The ability and/or 
timeframe for non-native frugivorous species to rapidly adapt to their new environments and 
communities could be expected to have profound implications for their effectiveness as seed 
dispersers and, by extension, plant communities. 
The Hawai’ian archipelago presents a unique opportunity to examine rapid 
morphological change because of the extremely high number and prevalence of non-native 
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species and the extinction of native species (Vitousek et al. 1997, Foster 2009). In fact, recent 
work has found that bird species introduced to the main Hawaiian Islands showed significant 
morphological (Mathys and Lockwood 2011, Valentin et al. 2018) and genetic (Foster et al. 
2018, Valentin et al. 2018) divergence among the main Hawaiian Islands. However, these 
previous studies focused on only a single species or differentiation among the Hawaiian Islands. 
In order to understand the influence of rapid morphological change in novel frugivore-plant 
communities, we need to include all of the important frugivores in the community and 
investigate change across a suite of traits that influence a species’ foraging ecology. 
Here I investigated rapid morphological change within the avian frugivore community on 
the Hawaiian island of O‘ahu, which is comprised entirely of non-native species.  I compared 
morphological characteristics, focusing on a suite of traits important for plant-animal 
interactions, of bird species on O‘ahu to that of museum specimens collected from the species’ 
native ranges. I then employed a technique developed from quantitative genetics to determine the 




I focused on the most common frugivorous, forest passerines on O‘ahu (see Appendix 
A): Zosterops japonicus (Japanese white-eye, hereafter JAWE), Leiothrix lutea (red-billed 
leiothrix, hereafter RBLE), Pycnonotus jocosus (red-whiskered bulbul, hereafter RWBU), and 
Pycnonotus cafer (red-vented bulbul, hereafter RVBU) which are responsible for the majority of 
the seed dispersal on the island (Vizentin-Bugoni et al. 2019). In this study, I am classifying 
these bird species as frugivorous based on their importance in the seed dispersal network. 
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However, each of these species have generalized diets that include invertebrates and/or nectar in 
addition to fruit (Willman et al. 2014). While there are other avian and non-avian animals that 
are frugivorous on O‘ahu (e.g. Rattus spp. and game birds: Francolinus sp. and Lophura 
leucomelanos), they also act as seed predators limiting their contribution to the seed dispersal 
networks on O‘ahu (Rattus spp.: Shiels and Drake 2011, Pender et al. 2013, Hays et al. 2018; 
game birds: Lewin and Lewin 1984, Case et al. unpublished data). The four species I focused on 
were introduced to O‘ahu in the 20th century (Foster 2009, Pyle and Pyle 2009). The earliest 
introductions occurred in the 1920s with the latest introductions occurring in the mid-1960s 
(Pyle and Pyle 2009, Appendix A). All of these introductions were intentional and carried out by 
conservation and/or private groups, and all except RVBU and RWBU were introduced for pest 
management purposes (Pyle and Pyle 2009). All these species have established populations on 
other Hawaiian Islands and/or other regions across the globe. 
 
Data Collection 
I focused on seven morphological measurements to determine if the non-native 
frugivorous bird populations on O‘ahu are phenotypically diverging from populations in their 
native ranges. Measurements were taken on both wild-caught individuals and specimens from 
museum collections. I took three common body morphometric measurements – wing chord, tail 
length, and tarsus length. These measurements are related to movement and certain foraging 
behaviors (Leisler and Winkler 1985, Moermond and Denslow 1985). Bill measurements were 
also taken that relate to the type of food resources utilized and food handling behaviors. These 
measurements followed measurements taken in other systems to show bill morphology-resource 
relationships (e.g. Darwin’s finches; Grant and Grant 2002). Four bill measurements in total 
25 
 
were taken which included total culmen, nares to culmen tip, width at nares, and depth at nares 
(see Appendix B for an illustration of these measurements). All four of these measurements can 
be related to the birds’ foraging behavior, food preference, and food handling (Leisler and 
Winkler 1985, Moermond and Denslow 1985).  
 To obtain measurements of wild birds, individuals were captured using mist nets from 
November 2014 through November 2017 at seven locations that varied in both biotic and abiotic 
factors. Each captured bird was banded (both USGS and color) and its age, sex (when possible), 
mass, and the previously described morphological measurements were recorded. Only 
measurements of adults were used in the analyses. Handling and use of live animals was 
approved by the University of Illinois Institutional Animal Care and Use Committee (IACUC 
protocol #15006).  
 To determine the morphology of these species in their native range, all seven 
morphological measurements were taken on museum skins from the Bernice Pauahi Bishop 
Museum (Honolulu, Hawai’i), the Field Museum of Natural History (Chicago, Illinois), the 
Smithsonian Institution’s National Museum of Natural History (Washington, D.C.), and the 
Carnegie Museum of Natural History (Pittsburgh, Pennsylvania). Only specimens that were 
identified as the subspecies most likely to have been introduced to O‘ahu were used. The 
subspecies were determined by Pyle and Pyle (2009) from morphometric and plumage 
comparison (see Appendix A). The likely subspecies were determined using morphology and 
plumage suggesting the subspecies used are the most similar to the populations on O‘ahu. 
Therefore, the comparisons used in this study are appropriate or conservative. Additionally, the 
use of specimens from a variety of museums allows us to capture much of the variation of the 
native populations. Among the four museums I had access to 162 specimens of RBLE, 141 
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specimens of JAWE, 58 specimens of RWBU, and 109 specimens of RVBU (Appendix A). The 
museum specimens had collection dates that ranged from the mid-late 1800s to the early 2000s. 
In addition to specimens from the native ranges, I also took measurements on specimens 
collected historically on O‘ahu (see Appendix A). Due to the preparation of the skins, I was 
unable to bend the legs. Therefore, in order to measure the tarsi of the specimens, I followed the 
recommendations of Baldwin et al. (1931) who suggested that the measurement should be taken 
from the middle of the tibia-metatarsus joint and the base of the middle toe. 
Comparing museum specimens with live individuals produces multiple challenges due to 
the preparatory drying of the specimens (Winker 1998, Mathys and Lockwood 2011). 
Measurements can be altered due to shrinkage and, therefore, a correction factor needs to be 
applied before comparison with live populations (Winker 1993, Winker 1998, Wilson and 
McCracken 2008, Söderquist et al. 2014). Correction factors have not been determined for my 
focal species and so I used correction factors from Mathys and Lockwood (2011) which included 
two of my four focal species. Because the bill measurements should be affected little by 
specimen preparation, I averaged the correction factors reported in Winker (1993) for passerine 
bills (Appendix B). 
 
Statistical analysis 
I first performed principal components analysis (PCA) using all the traits measured for 
each species separately. In these PCAs, I included all individuals for which I obtained all seven 
measurements from both the native and non-native ranges. To determine if the populations from 
the native range and O‘ahu (Native and Non-native respectively) have diverged from each other 
along the first principal component (PC1), which is generally thought to represent overall body 
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size, I performed an analysis of variance (ANOVA) of the individuals’ PC1 scores with range as 
a predictor variable. In the PCA, I used the individual as the experimental unit and scaled the 
data by mean centering and dividing by the standard deviation.  
In order to control for the allometric effect of body size on the traits I measured, I 
determined the first common principal component (CPC1) between the two populations (Native 
or Non-native) for each species using the “cpc” R package (Pepler 2015). I then projected the 
individuals onto the CPC1 in order to create a metric of body size (Berner 2011). The body size 
metric (hereafter BSCPC) was then included as a covariate in all subsequent analyses of 
divergence (McCoy et al. 2006, Berner 2011, Hernández-Teixidor et al. 2014). I used a 
multivariate analysis of covariance (MANCOVA) to determine if the non-native population has 
significantly diverged from the native populations based on the traits I measured with range 
(Native or Non-native) and BSCPC as explanatory variables. However, because wing length was 
strongly correlated with BSCPC (> 0.90 for all species), I removed that measurement from the 
MANCOVA since its inclusion made the models rank deficient. I excluded any individuals from 
the MANCOVA for which I did not obtain all seven measurements. To understand the change in 
individual traits I conducted an analysis of covariance (ANCOVA) for each trait with range 
(Native vs. Non-native) and BSCPC as predictors, correcting for multiple comparisons with a 
Bonferroni Correction. F-statistics in these ANCOVAs were calculated using sequential sum of 
squares so that the sum of squares for significance testing was SS(Range | BSCPC). Since my 
sample sizes were significantly unbalanced between populations in all species except RVBU, I 
conducted a random subsampling of my O‘ahu population to determine if my results were biased 
by the unequal sample sizes. To do this I randomly subsampled, without replacement, the O‘ahu 
population of each species to equal the sample size of the native range and conducted each 
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MANCOVA and ANCOVA for 1,000 iterations. I then determined the 95% confidence intervals 
(the 2.5 and 97.5 percentiles) for the estimates and the proportion of the 1,000 iterations that 
returned a significant result for comparison with my results (Appendix C). However, for RVBU 
this random subsampling was not required since the sample sizes were similar (Native = 71, 
Non-native = 65). All analyses were conducted in R (R Core Team 2017). 
In order to determine the role of genetic drift in any observed divergence, I used a 
method developed using theory from quantitative genetics for phenotypic comparisons. I 
estimated the likelihood that genetic drift alone caused the observed differences by calculating a 
F statistic with 𝑛 − 1 numerator degrees of freedom and infinite denominator degrees of freedom 
first proposed by Lande (1977) and subsequently used in other studies of morphological 
divergence (Turelli et al. 1988, Koskinen et al. 2002, Mathys and Lockwood 2011). A significant 
Lande’s F statistic at the 𝛼 = 0.05 level means that it is unlikely that drift alone created the 




        (1) 
where 𝑆 ( ) is the square difference between the populations, 𝜎  is the pooled phenotypic 
variance, ℎ  is the heritability of the trait, 𝑡 is the number of the generations since founding, and 
𝑁  is the effective population size. The heritability of the traits I measured is not known for these 
species, so I calculated the Lande’s F statistic with ℎ = 0.5, which was used by Mathys and 
Lockwood (2011) based on values from Merilä and Sheldon (2001). Additionally, the effective 
population size for these bird species on O‘ahu is also unknown. Therefore, I used the same 𝑁  
values (100 and 1000) as Mathys and Lockwood (2011). 
The number of generations since founding was calculated using a generation time, 𝑇,  
estimated as in Sæther et al. (2005) and Mathys and Lockwood (2011). 
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𝑇 = 𝛼 +         (2) 
where 𝛼 is the age of maturity and 𝑠 is the estimated annual adult survival rate. The age of 
maturity for all my focal species was assumed to be one year. For the annual adult survival rate, I 
searched the literature for estimates for the four focal species in the Hawaiian Islands. From this 
literature search I obtained an annual adult survival rate only for RBLE (𝑠 = 0.786 ±0.047; Ralph 
et al. 1998). Since this value for adult annual survival is within the range of other passerines in 
the Hawaiian Islands (Ralph and Fancy 1994, Ralph and Fancy 1995, Lepson and Freed 1995), I 
used 𝑠 = 0.786 for all the species in this study. In addition, the survival rate used in this study is 
lower than that of Mathys and Lockwood (2011) and, therefore, my calculated F statistics are 
more conservative (i.e., less likely to be significant at the α = 0.05 level). 
 
Error Estimation 
Because measurement error can create false signals of divergence, I tested for 
measurement error by comparing measurements taken on newly caught individuals to that of 
recaptures. I used paired t-tests to test if the mean difference between the measurements taken on 
newly caught individuals and recaptures was significantly different from zero for each 
measurement. Due to low sample sizes of recaptures for some species, I pooled all species and, 
therefore, are assuming that there are negligible species-specific differences in measurement 
error. I then compared the estimated error in the measurements to that of the observed 







 I found significant divergence between populations on O‘ahu and the native range in all 
four species even when controlling for allometric relationships with body size (Table 2.1). Body 
size (BSCPC) did significantly explain the variation in the measurements for all species (Table 
2.1). However, only three species, JAWE, RBLE and RWBU, diverged along the first principal 
component (JAWE PC1: F1,207 = 10.18, P-value = 0.0016; RBLE PC1: F1,299 = 499.7, P-value < 
0.0001; RWBU PC1: F1,109 = 42.46, P-value < 0.0001; Figure 2.1A, Appendix D), which is 
generally thought to represent general body size. RBLE showed the most divergence with all 
morphological characteristics being significantly different between O‘ahu and the native range 
(Figure 2.1B, Appendix E). In general, the O‘ahu RBLE populations had smaller body 
measurements and more robust bills than populations in the native range. JAWE and RWBU 
showed divergence in four of the seven traits with both having smaller body measurements 
(except tail length) and shorter bills on O‘ahu (Figure 2.1B, Appendix E). Additionally, RWBU 
had deeper bills on O‘ahu. RVBU showed the least divergence, only having wider and deeper 
bills on O‘ahu (Figure 2.1B, Appendix E). 
 For all species and for each 𝑁  value, Lande’s F statistic was statistically significant for 
the tarsus measurement, indicating that random genetic drift was not likely the sole cause of the 
difference observed between the populations. In addition, all of the species had a significant 
Lande’s F statistic for wing chord when 𝑁  = 1000. JAWE, RBLE, and RWBU also had a 
significant Lande’s F statistic for wing chord when 𝑁  = 100 (Table 2.2). Only RBLE and 
RWBU had a significant Lande’s F at  𝑁  = 1000 for tail length, and all species had significant 
Lande’s F statistics at each value of  𝑁  for bill width and depth except JAWE and RWBU 
which only had significant Lande’s F for  𝑁  = 1000 (Table 2.2). The nares to tip measurement 
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Lande’s F was significant for RBLE and RWBU at each  𝑁  value and at  𝑁  = 1000 for JAWE. 
The Lande’s F for culmen length was only significant at  𝑁  = 1000 for JAWE and at each  𝑁  
value for RWBU (Table 2.2). 
 My analysis of measurement error showed that there was significant error in three of the 
seven measurements: tail length, culmen length, and bill width (Appendix F) with the largest 
error in the tail measurement (0.49mm or 0.55% – 1.2%; Appendix F). The largest percent error 
was in the culmen length measurement (0.33mm or 1.7% – 2.5%; Appendix F). The estimated 
percent error (calculated by dividing the estimated error averaged across all species for a trait by 
the mean of that trait for a species) only exceeded the observed percent difference in three of the 
sixteen morphological characteristics for which I observed a significant difference between the 
native and non-native populations across species (Tail for JAWE and Culmen Length for JAWE 
and RBLE). Additionally, my random subsampling only returned a significant result for the 
difference in culmen length between populations (Native or Non-native) for RBLE 36.2% of the 
time. I have retained these measurements in my analyses, however, any interpretations of these 
results should be made with caution. All other analyses were congruent with my random 
subsampling except for three minor cases than did not affect interpretation (Appendix C).  
 
DISCUSSION 
 My results demonstrate that non-native avian populations on O‘ahu have experienced 
significant divergence from populations in their native ranges across multiple morphological 
characteristics. Wing chord and bill depth were the most frequent characteristics that exhibited 
significant divergence from the native range (Figure 2.1B, Appendix E), with a general trend for 
the O‘ahu populations to have shorter body measurements and more robust bills.  This 
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divergence pattern is striking given the fact that the O‘ahu populations have been separated from 
native populations for only about 50 – 90 years (approximately 10–18 generations as calculated 
from equation 2).  The divergence patterns I observed all relate to a species’ movement and 
foraging ecology, and therefore, likely have implications for their effectiveness as seed 
dispersers. 
The patterns of divergence I found for bill traits are similar to those observed by other 
studies comparing continental and island populations and, loosely, adhere to the island rule for 
bird species, which states that passerines on islands have more robust bills (Clegg and Owens 
2002, Leisler and Winkler 2015). The more robust bills (i.e., wider and deeper) may suggest a 
more generalized diet on O‘ahu since wide, deep bills are related to more food types present in a 
bird’s diet (Moermond and Denslow 1985, Clegg and Owens 2002). However, the generally 
smaller body measurements (wings and tarsi) of my species are not consistent with published 
patterns of generally larger bodied bird species on islands for smaller bodied bird clades (Clegg 
and Owens 2002). The smaller wings may suggest less reliance on flight and/or higher use of 
habitat with dense vegetation such as shrubby understory (Savile 1957, Leisler and Winkler 
1985, Leisler and Winkler 2015). Both a reduction in the reliance on flight and a more 
generalized diet are common with insular populations of bird species (Leisler and Winkler 2015). 
However, if less reliance of flight for foraging does explain the differences in morphology 
between populations, I would expect to see larger tarsi to aid in hopping through thick vegetation 
(Zeffer et al. 2003, Zeffer and Norberg 2003). I did not find larger tarsi on O‘ahu which makes 
my results difficult to interpret and suggests non-adaptive processes like founder effects may be 
acting on some of the traits.  
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The patterns of divergence I observed are unlikely caused by frugivorous behavior but, 
rather, may influence fruit-frugivore interactions in this novel system. Fruit-frugivore 
relationships tend to be asymmetric with frugivores affecting plants more than the reciprocal 
(Bascompte et al. 2006), and frugivory is often considered as a secondary foraging behavior in 
generalists’ diets (Jordano 2000). However, increases in bill robustness (i.e. deeper, wider bills), 
which I observed in this study, may allow for frugivores to increase the number of plants they 
interact with (Jordano 2000). Wider bills allow for species to ingest larger seeded fruits (Herrera 
1984, Moermond and Denslow 1985, Jordano 2000) and help in the manipulation of fruit in the 
bill making it easier for species to eat fruit of various sizes and shapes (Moermond and Denslow 
1985, Snow and Snow 1988, Jordano 2000). In addition, adaptations for moving through novel 
habitats may increase the foraging efficiency of frugivores, increasing the number of seeds 
consumed and the distance they are dispersed.   
My work both corroborates and expands upon previous work on morphological 
divergence of non-native bird species in Hawai’i. Across a different suite of bird species, 
including several seed-eating species, previous work found significant divergence in traits among 
the Hawaiian Islands with, in many cases, O‘ahu bird populations having shorter wings than the 
archipelago mean (Mathys and Lockwood 2011, Valentin et al. 2018). In these studies, inter-
island divergence was thought to be largely a result of selection acting on the populations after 
founding (Mathys and Lockwood 2011, Valentin et al. 2018). However, founder effects and 
other non-adaptive processes were not able to be ruled out for many species (Mathys and 
Lockwood 2011). Because archipelago means were used in the comparisons for these studies, 
direct comparison with my study is limited. Even though I found significant divergence between 
native and O‘ahu populations in some bill characteristics, bill measurements were not found to 
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be divergent among the islands in previous work (Mathys and Lockwood 2011), suggesting that 
the selective pressures among the islands may be similar for bill morphology but differ from 
pressures in the native range for some of these species. This makes sense given that insular 
populations tend to have broader, more generalized diets (MacArthur et al. 1972, Clegg 2009), 
suggesting that the differences in foraging behaviors would be less between the islands. On the 
other hand, the habitats on the various islands may be different due to differing disturbance 
regimes and island ages providing varying selective pressures on wing chord and tail length due 
to flight dynamics. Alternatively, the disparity between finding divergence between the native 
and O‘ahu populations but not between islands in bill measurements could be a result of founder 
effects creating the observed differences I observed in this study.  
The mechanisms that have created the observed divergence will likely influence the 
effects of rapid morphological change on a species’ ecology and their effectiveness as seed 
dispersers. However, elucidating these mechanisms from observed differences in morphology is 
difficult. The results of my Lande’s F test would indicate that drift is not solely responsible for 
the observed divergence, but this test cannot address the role of founder effects. It is likely that 
the observed patterns of divergence were caused by a mixture of adaptive and non-adaptive 
processes (i.e. drift and founder effects). However, I was unable to completely disentangle the 
underlying mechanisms operating to create differences in the morphological characteristics of 
the species. Additionally, given the high degree in variability in the heritability of these traits 
across bird species (Merilä and Sheldon 2001), it is difficult to say if the observed changes are 
evolutionary without genetic data for these species. 
The invasion history of these species may have influenced the patterns in divergence I 
observed (Keller and Taylor 2008, Valentin et al. 2018). The species that spread the fastest 
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across the island were JAWE and RVBU (Pyle and Pyle 2009), and these species exhibited the 
least divergence across traits. The difference in the speed at which the species spread across the 
island may be related to how well the environment matched the species’ phenotype at 
introduction, delaying the spread of species that needed to adapt to a new environment before 
they were able to expand their range (Keller and Taylor 2008). In addition, RBLE and RWBU 
share similar, shrubby, understory habitats on O‘ahu (see Chapter 3) suggesting that this habitat 
may impose higher selection pressures than the habitats occupied by JAWE and RVBU. The 
only one of these species to suffer population declines on O‘ahu is RBLE (Pyle and Pyle 2009). 
The sharp decline suffered by RBLE during the 1960s through the 1980s was thought to be due 
to competition with another non-native passerine, white-rumped shama (Copsychus malabaricus; 
Ralph 1990), and likely created a bottleneck that could have selected for certain traits. However, 
the ecological data from the native range of these species are lacking, and in order to tease apart 
the causes of the observed divergence, data on these species, ideally subspecies, from their native 
ranges are needed. 
I found significant measurement error for some of the traits I measured that was, in two 
cases, greater than the magnitude of the observed divergence. In particular, culmen length 
appeared to be a measurement with high error rates and any further interpretations of my results 
with this trait should be conducted with caution.  Additionally, the differential methods for tarsus 
measurements between museum specimens and live individuals could influence my 
interpretation of divergence for this trait.  However, given that museum specimens from O‘ahu 




The morphological divergence I observed, across numerous traits and in every species of 
an ecologically important community, could have repercussions for the seed dispersal services 
provided by my study species. As Thompson (1998) summarized, interactions among species 
within a community can be affected by rapid evolutionary change in four main ways: evolution 
of trophic links (strength and/or number), evolution of defense, loss of traits due to a loss of 
interaction, and an overall change in outcome of interaction. Elucidating the processes creating 
rapid morphological change is crucial to understanding how this change will influence ecosystem 
services provided by non-native organisms. Adaptive processes will likely lead to an increase in 
the ability of non-native organisms to fill certain ecological roles (e.g., increasing foraging 
efficiency or diet breadth) while non-adaptive processes, such as founder effects, can lead to 
morphological mismatches between an organism’s ecology and their morphology. Here I show 
that adaptive and non-adaptive factors are acting on a suite of traits of an entire frugivorous 
passerine community, thereby likely influencing the strength and/or number of interactions 
between fruiting plants and avian seed dispersers. Because all of the native frugivores have been 
extirpated from O‘ahu, the ability of the non-native community of frugivores to effectively 
disperse fruiting plants is crucial for the long-term stability and functioning of the novel forest 




Table 2.1: Results from multivariate analysis of covariance (MANCOVA) testing if non-native 
populations differed in seven morphological traits from their native range. All species showed 
divergence between non-native and native populations (Range). In addition, body size (BSCPC) 
also was significant in explaining the variation in the morphological traits for each species. See 
text and Appendix A for species abbreviations. 
Species Variable Pillai's trace F DF1 DF2 P-value 
JAWE Range 0.243 10.80 6 201 < .001 
 BSCPC 0.696 76.60 6 201 < .001 
       
       
RBLE Range 0.672 99.60 6 292 < .001 
 BSCPC 0.761 154.60 6 292 < .001 
       
       
RVBU Range 0.412 9.82 6 84 < .001 
 BSCPC 0.931 188.94 6 84 < .001 
       
       
RWBU Range 0.558 21.70 6 103 < .001 




Table 2.2: Lande’s F statistic testing for the likelihood that random genetic drift alone caused the observed differences for each 
species at 𝑁  = 100 and 𝑁  = 1000 for each measurement. The bolded values represent significance at the α = 0.05 level and that it is 
unlikely that drift alone created the observed difference for those measurements. See text and Appendix A for species abbreviations. 
    JAWE   RBLE   RVBU   RWBU 
Measurement 𝑁  F P-value   F P-value   F P-value   F P-value 
Tarsus 100 10.04 0.002  23.64 <0.001  5.71 0.017  7.98 0.005 
 1000 100.40 <0.001  236.42 <0.001  57.08 <0.001  79.76 <0.001 
             
Tail 100 0.34 0.560  2.46 0.116  0.01 0.910  0.92 0.339 
 1000 3.40 0.065  24.64 <0.001  0.13 0.722  9.15 0.002 
             
Wing 100 6.54 0.011  12.44 <0.001  1.64 0.200  18.88 <0.001 
 1000 65.37 <0.001  124.44 <0.001  16.40 <0.001  188.82 <0.001 
             
Culmen 100 2.92 0.087  0.18 0.671  0.08 0.772  18.09 <0.001 
 1000 29.24 <0.001  1.81 0.179  0.84 0.359  180.94 <0.001 
             
Nares to Tip 100 0.75 0.386  6.32 0.012  0.31 0.577  8.62 0.003 
 1000 7.52 0.006  63.17 <0.001  3.12 0.078  86.23 <0.001 
             
Width 100 1.34 0.247  23.19 <0.001  8.92 0.003  0.93 0.336 
 1000 13.42 <0.001  231.89 <0.001  89.22 <0.001  9.25 0.002 
             
Depth 100 1.96 0.162  6.29 0.012  6.11 0.013  1.93 0.165 






Figure 2.1: The patterns of morphological divergence from their native range in the four 
frugivorous passerines in forests on O‘ahu, Hawai’i. (A) The distributions of principal 
component 1 scores for each of the four species. (B) The percent difference between the native 
means and the O‘ahu means for each measurement and species as estimated by the ANCOVAs 
with body size as a covariate. A negative percent difference in this case refers to a trait being 
smaller in the O‘ahu population in relation to body size and a positive percent difference refers to 
a trait being larger in O‘ahu population in relation to body size. The blue toned bars are the body 
measurements, while the orange toned bars are the bill measurements. The stars in (A) represents 
significance at the α = 0.05 level. The stars in (B) represents significance at the α = 0. 00714 
level (Bonferroni correction for multiple comparisons). The 95% confidence intervals were 
calculated using the standard error of the estimates from the ANCOVAs. See text and Appendix 
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CHAPTER 3: ECOMORPHOLOGICAL RELATIONSHIPS AND INVASION HISTORY 
OF NON-NATIVE TERRESTRIAL BIRD SPECIES ON O‘AHU, HAWAI‘I SUGGESTS 
ECOLOGICAL FITTING DURING COMMUNITY ASSEMBLY 2 
 
ABSTRACT 
The widespread introduction of species has created novel communities in many areas of 
the world. Since introduced species tend to have generalized ecologies, it would be expected that 
the relationship between form and function (i.e. ecomorphology) to be reduced in novel 
communities. I tested this expectation in a subset of the novel bird community on O‘ahu, 
Hawai‘i. By relating observations conducted at points within four sites across the island to 
morphology obtained from live birds, I found many relationships between species’ morphology 
and foraging ecology that mirrored relationships found in native dominated bird communities. 
Both movement and certain foraging behavior were related to a species’ tarsus to wing ratio. 
Further, bill morphology was related to gleaning, frugivory, and flycatching behaviors. The 
commonness of significant ecomorphological relationships suggests that, within O‘ahu’s novel 
bird community, form is strongly related to function. I hypothesize that ecological fitting likely 
played a major role in community assembly conserving the relationships between form and 
function found in many other bird communities. Further supporting this conclusion, introduced 
species were more likely to establish on O‘ahu if their diets were less similar to the species 
already present on the island. My results further support the idea that ecological fitting is an 
important mechanism in shaping ecological communities, especially in the Anthropocene, and 
that through their influence on the relationship between form and function, evolutionary 
processes may influence novel community functioning and stability.
                                                 
2 This chapter will be submitted for publication. Full citation: 
Gleditsch, J. M. and J. H. Sperry (in prep) Ecomorphological relationships and invasion history of non-native 




The spread and introduction of species has created a novel mix of interacting species in 
most ecosystems worldwide (Vitousek et al. 1997). While the effects of introduced species on 
native communities and species has been a focus of conservation science over the past half 
century (Pyšek et al. 2012), the functioning and stability of these novel communities has only 
started to be explored. Novel ecosystems, by definition, lack evolutionary history, and therefore, 
comprise a collection of species that have not evolved to be in a certain ecosystem and/or 
ecological community (Hobbs et al. 2006, Lugo et al. 2012). As a result, the ecology and 
evolution of species in communities that include non-native species can be impacted (Stiels et al. 
2015), making it difficult to understand the ability of these species to fulfil their ecological roles. 
When assessing the functional roles species play in an ecosystem, their morphology is often used 
as a proxy (Ricklefs 2012). The relationship between a species’ function and their morphology – 
termed ecomorphology – is based on the idea that a species’ morphology has evolved to fit their 
specific environment and ecological niche (Ricklefs and Miles 1994). Within novel ecosystems, 
species lack this evolutionary history and, therefore, may have a morphology that does not 
ideally match their ecological characteristics leading to weak ecomorphological relationships. 
Ecomorphological relationships have been shown in many systems and organisms. In 
some bird clades, researchers have found exceptionally strong relationships between foraging 
ecology and morphology (Miles and Ricklefs 1984, Leisler and Winkler 1985, Miles et al. 1987). 
Bill morphology, for instance, has a well-established link to what and how birds eat (Schluter 
and Grant 1984, Tokita et al. 2017, Felice et al. 2019). While some species may overcome some 
morphological constraints with behavioral adaptation (Diogo 2017), a bird’s bill morphology 
often determines what it can and cannot eat efficiently (Leisler and Winkler 1985, Jordano 
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2000). Some general trends have been suggested such as shorter, thinner bills being 
characteristic of specialization for foliage gleaning while deeper more robust bills are 
characteristic of a more generalized diet (Leisler and Winkler 1985, Moermond and Denslow 
1985, Clegg and Owens 2002).  Similarly, studies have shown shorter wings and longer tarsi are 
better adapted for movement through the dense vegetation of the forest understory with the 
reverse being better adapted for longer flights during foraging (Savile 1957). However, 
mismatches in ecomorphological relationships can develop when a shift in a species’ ecology or 
environment occurs (Diogo 2017), such as those experienced following introductions of non-
native species into insular systems. 
It is thought that when species are introduced to islands, they undergo a niche expansion, 
due to enemy release, resulting in a more generalized ecology (MacArthur et al. 1972, Blondel et 
al. 1988). The generalization of the species’ ecology within a community can erode the 
ecomorphological relationships by allowing individuals within a population to have variable 
ecologies (Bolnick et al. 2007). Therefore, within a collection of generalized species, a 
morphological phenotype may be associated with multiple ecological stereotypes and vice versa 
(Blackledge and Gillespie 2004). On the other hand, as novel communities assemble on islands, 
a non-native species may only become established if it possesses a morphological and ecological 
phenotype that allows it to perform well in the available niche space (i.e. ecological sorting or 
fitting; Janzen 1985), a process thought to be common in the integration of non-native species 
into communities (Sax et al. 2007). Ecological fitting occurs through complex biotic interactions, 
such as competition with other species within the incumbent community, and therefore, species 
may only become established if they have ecologies that are different enough from the species in 
the incumbent community to mitigate competitive interactions. This process would ultimately, 
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lead to a complex community that retains ecomorphological relationships similar to those that 
have an extensive evolutionary history (i.e. native dominated). 
Insular systems are often characterized as being species depauperate (Rosenzweig 1995), 
which can be exacerbated by the extinctions of native species due to overhunting, habitat loss, 
and introductions of predators and parasites (Vitousek et al. 1987). The Hawaiian Archipelago, 
with the island of O‘ahu in particular, presents an extreme example of species extinction and 
invasion in an insular system (Vitousek et al. 1987).  Currently, the passerine community in the 
forests of O‘ahu includes only three native species (‘apapane – Himatione sanguinea; O‘ahu 
amakihi – Chlorodrepanis flavus; O‘ahu ‘elapaio – Chasiempis ibidis; Pyle and Pyle 2017), one 
of which, the O‘ahu ‘elapaio, is endangered (estimated population size of approximately 1,261 
individuals; BirdLife International 2016), making the community almost entirely novel. The 
great loss of species on O‘ahu (83% of native species known historically and from subfossils; 
Walther 2016) likely resulted in unoccupied niche space for non-native species to fill, and can 
lead to a loss or reduction in performance of certain functional roles within communities 
(Dehling et al. 2016). For instance, all of the native frugivores (i.e. animals that eat fruit and 
disperse seeds) have gone extinct or have been extirpated from O‘ahu (Heinen 2018) and were 
predominantly replaced by four non-native passerine species (Japanese white-eye – Zosterops 
japonicus, red-billed leiothrix – Leiothrix lutea, red-vented bulbul – Pycnonotus cafer, and red-
whiskered bulbul – Pycnonotus jocosus; Vizentin-Bugoni et al. 2019). However, the non-native 
species in Hawai’i are only partially fulfilling the functional roles of the now extinct native 
frugivores (Chimera and Drake 2010, Aslan et al. 2014, Vizentin-Bugoni et al. 2019), at least 
partially due to morphological mismatch between seed size and gape width (Pejchar 2015).  
Understanding the ecomorphological relationships of these non-native species is critical for 
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understanding and predicting plant-animal interactions and ecosystem functioning in this novel 
system. 
Here I investigated the morphology and behavior of the four primary frugivores and one 
primarily insectivorous bird species on the Hawaiian island of O‘ahu. I tested predictions derived 
from ecomorphological relationships that have been established in native-dominated systems 
(Table 3.1) to determine if non-native species on O‘ahu had similar (suggesting ecological fitting 
and/or adaptation) or differing (suggesting niche expansion and/or shifts) ecomorphological 
relationships to native dominated bird communities. Using data on the bird introduction history 
of O‘ahu, I further investigated the potential role of ecological fitting in the creation of the novel 
bird community now present on the island. I then discuss how the rapid evolution of the 
frugivore species, as observed in Gleditsch and Sperry (2019), may influence these relationships 
and community functioning. 
 
METHODS 
Study System  
My research took place on the Hawaiian Island of O‘ahu. I focused my observations on 
five non-native species (Appendix A), four of which are the primary seed dispersers in the 
forests of O‘ahu (Vizentin-Bugoni et al. 2019). The four frugivores I focused on were the 
Japanese white-eye (hereafter JAWE), red-billed leiothrix (hereafter RBLE), red-vented bulbul 
(hereafter RVBU), and the red-whiskered bulbul (hereafter RWBU). The fifth species, white-
rumped shama (Copsychus malabaricus; hereafter WRSH) is primarily insectivorous and acts as 
an outlier to suggest whether the relationships I observe can be extended outside of the frugivore 
guild. It should be noted that all five species are not primarily frugivorous with fruit only making 
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up approximately 10 – 30% of their diets (Wilman et al. 2014) with WRSH at the lower end of 
that range (19 of 299 fecal samples had seeds; Vizentin-Bugoni et al. 2019). However, WRSH 
were rarely observed foraging so they were removed from the analyses of the relationships 
between morphology and foraging behaviors and were only used in the analyses of movement 
behaviors. 
 
Foraging Observations  
To determine the foraging behavior of these species, I conducted observations twice 
monthly at four sites from January through July in 2016 and 2017. The four sites were Ekahanui 
Valley (21°26'36.98"N, 158°04'52.11"W; hereafter EKA), Pahole Natural Area Reserve 
(21°31'56.24"N, 158°10'42.97"W; hereafter PAH), Waimea Valley (21°37'49.97"N, 158° 
01'49.59"W; hereafter WAI), and Moanalua Valley (21°22'37.77"N, 157°52'16.62"W; hereafter 
MOA). The sites ranged in elevation (94 – 667 m above sea level) and mean annual rainfall 
(1107 – 1884 mm). In addition, the sites varied in their plant and bird communities (Vizentin-
Bugoni et al. 2019, see also Chapter 4). The sites were visited every other week with 13 – 15 
days between visits. Visits started approximately at sunrise and concluded before 1300. 
Depending on weather, four observations were conducted during each visit to each site at four 
randomly selected points from 9 – 13 (proportional to size of site) previously established points 
at least 150 m apart (see Chapter 4 for point establishment and for exact number of points in each 
site). Observations were not conducted in heavy rain due to altered behaviors and lack of 
foraging activity. After the same four points were visited twice, a new set of four points were 
randomly chosen (with replacement). 
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At each point the observation period lasted one hour. During the one-hour observation, 
all observations of the five focal species were recorded including the bird’s maximum and 
minimum height in the tree, location (interior or periphery) in the tree, foraging behaviors 
(gleaning, flycatching, fruit consumption, and nectar consumption), foraging posture (upright or 
hanging), mode of movement (hop, walk, flight), and any other behaviors. In addition, the plant 
species the bird was interacting with was recorded using an intensity of interaction score (0 = no 
interaction, 1 = quickly move through, 2 = perching/singing, 3 = foraging in the plant on 
arthropods, 4 = consumption of plant produced resource – i.e. fruit or nectar). If the bird was in a 
flock, the flock size was noted and the height range for the flock was recorded. Competitive 
interactions were also recorded. To control for the variation in the canopy heights, the heights in 
the forest the birds were observed were transformed to relative heights by dividing the height the 
bird was observed by the average canopy height for each point (see Chapter 4 for vegetation 
survey methods). The foraging behaviors and the modes of movement were recorded as 
presence-absence variables. By doing this each observation could include more than one 
observed behavior or movement type. To be able to capture the most behaviors, the observations 
were dictated into a voice recorder and then later transcribed. I conducted and transcribed all 
observations. 
 
Morphological Data Collection 
To determine the relationships between the species’ morphology and ecology I used five 
morphological characters, including wing length, tarsus length, culmen length, and bill width and 
depth at the nares, as taken in Gleditsch and Sperry (2019) for each species at each site. Mist 
netting was conducted at each site from November 2014 through December 2017 and the five 
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morphological measurements were taken on as many individuals as possible focusing on the five 
focal species. Mass was also collected for each bird species by weighing the birds using spring 
scales (PESOLA, Switzerland) in a bag and subtracting the mass of the bag. Morphological 
measurements of juvenile birds were not used in any analysis. 
From the morphological data, I calculated morphological ratios (i.e. tarsus to wing ratio; 
and bill aspect ratios). The bill aspect ratios were calculated in two different ways: horizontal 
aspect ratio calculated by dividing the culmen length by the width of the bill at the proximal end 
of the nares, and the three-dimensional aspect ratio calculated by dividing the culmen length by 
the cross-sectional area of the bill at the proximal end of the nares (hereafter bill slenderness). 
For bill slenderness, a lower value means that the bill is more robust (i.e. shorter and fatter) and a 
higher value the bill is slenderer (i.e. longer and thinner). Due to a low rate of re-sighted birds 
(birds were color banded for another study), I averaged the morphological ratios for each species 
at each site.  
 
O‘ahu Introduction History Data 
To determine if ecological fitting may have been an important process during community 
assembly, I compared resource use distributions (in this case diet and foraging strata) between 
birds introduced to O‘ahu (successfully and unsuccessfully) and those already present at the time 
of introduction. I obtained diet resource and foraging strata use distributions for each terrestrial 
bird species that was reported by Pyle and Pyle (2017) to have been introduced to O‘ahu (126 
species). Additionally, I obtained the same information for every native species documented in 
Pyle and Pyle (2017) for which the information was available (12 species). The resource use 
information for all species was obtained from EltonTraits 1.0 (Wilman et al. 2014). To obtain 
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this information, Wilman and colleagues mined various texts (e.g. articles, accounts, guides, etc.) 
and scored each resource type according to the language used and order of description in the text. 
For each species they gave a certainty score for the distribution of resources used in the species’ 
diet. This ranged from high certainty (A), reasonably certain (B), unclear quality (C), and species 
lacking information so values represent typical values from genus (D1 or D2). For the 134 
species that I was able to find data for, 115 were in certainty category A, 7 were in B, 3 were in 
C, and 9 were in D1. I could not find diet information for 4 native species that were considered 
extinct either before or shortly after European discovery of Hawai‘i. In addition to the diet 
resource distributions, EltonTraits also has foraging strata use distributions obtained in a similar 
way to diet, which I also used to determine if differences in foraging strata used influenced the 
probability of establishment. In order to determine the incumbent community at the time a 
species was introduced I needed each species’ introduction and, if applicable, extirpation date. 
For a species’ introduction date, I used dates provided by Pyle and Pyle (2017) and used the first 
reported date if an introduction date was not explicitly provided. The extirpation dates were 
considered to be the last year the species was reported. When dates were not explicitly stated in 
Pyle and Pyle (2017), I used other sources (Moulton and Pimm 1983, Moulton 1985, Simberloff 
and Boecklen 1991, Moulton 1993) including eBird (Sullivan et al. 2009) for the last reported 
dates. See Appendices G, H, and I for the EltonTraits and introduction history data. 
 
Statistical Analysis 
To determine if the differences in ecological niche of the non-native bird community on 
O‘ahu is related to the difference in morphology, I first ran a principal component analysis 
(PCA) on the morphological data with the individual bird as the experimental unit. From this 
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analysis I calculated the Euclidean distance (hereafter DE) between each of the species’ centroids 
at each site to determine the similarity of their morphologies. The similarity between the species’ 
foraging niche at each site was determined by calculating the proportional similarity index 
(hereafter PS; Feinsinger et al. 1981) between the frequency distributions of the various observed 
foraging behaviors (i.e. gleaning, flycatching, nectar feeding, frugivory). The proportional 
similarity index ranges from the minimum frequency a behavior is observed, meaning the 
distributions are the most different, to one, which corresponds to no difference in the 
distributions. I used the DE and PS to determine if there was a relationship between the species’ 
similarity in foraging niche and the similarity in their morphologies by running a quasibinomial 
generalized linear model with PS as the dependent variable and the DE as the independent 
variable. In order to determine if the relationship between morphology and ecology extends 
beyond my five focal species to the rest of the bird community, I repeated this analysis at the 
species level with EltonTraits 1.0 data for all the species for which I collected morphology data 
during mist netting (n = 17). 
Generalized linear mixed models were performed with site and species as random 
variables and a binomial error distribution to determine the ecomorphological relationships 
within the focal bird community. The dependent variable in each model was the specific 
behaviors and the independent variable was the site-averaged morphological ratios. The 
morphological variables for each model were selected using information obtained through 
literature review of avian ecomorphological relationships (Table 3.1). Even though certain 
behaviors can be predicted to have relationships to multiple bill characteristics (see Table 3.1), 
the ratios that I calculated were all highly correlated with each other, therefore, I only chose one 
depending on which one had more literature linking it to the specific behavior. To determine the 
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relationship between the height the bird was observed and their morphology I performed a 
normal linear mixed model with site and species as random variables and relative height as the 
dependent variable. 
To determine the potential importance of ecological fitting, I calculated PS indices for 
diet resource distributions and foraging strata (as an index for niche overlap) for each pair of 
species listed by Pyle and Pyle (2017) and then averaged the indices for each species that was 
present when a particular species was reported to be first introduced to the island (i.e. incumbent 
community). In order to determine the incumbent community for each introduced species I 
selected each species that was introduced (and native species) before or during the year the 
species was introduced and has not been extirpated from the island. To relate the average 
similarity in resource use distributions between introduced species and incumbent communities, I 
used binomial generalized mixed models with the average foraging strata PS (hereafter PSfor), 
average diet PS (hereafter PSdiet), number of years in which the species was introduced, and the 
incumbent community’s species richness as predictors. The response variable was whether or not 
the species successfully established as determined by Pyle and Pyle (2017), and I included a 
random factor of the species’ taxonomic family. Because multiple game bird species (20 species 
belonging to three families: Phasianidae, Numididae, and Odontophoridae) were introduced to 
the island for hunting purposes, their success may have been a function of hunting pressure 
rather than their ecological, or morphological, characteristics. Therefore, I repeated this analysis 
excluding the game birds. Additionally, species for which only one individual was reported to 






 I conducted a total of 121 hours of observations that resulted in 268 foraging 
observations, 576 observations of movement, and 695 observations of the birds’ height in the 
forest. Of these observations, 232 of them were of groups (range 2 – 10 birds) and 510 were of a 
single bird. Thirty plant species were observed being foraged in or on, with four plant species 
native to O‘ahu. Japanese white-eyes foraged in the most plant species (n = 23) followed by 
RBLE (n = 18), RWBU (n = 17), and RVBU (n = 13). White-rumped shamas were only 
observed foraging three times and only in one plant species. The plant species most often 
observed being foraged in or on were Psidium cattleyanum (n = 27) and Schinus terebinthifolius 
(n = 25) both of which are very common non-native plants. Of the native plant species included 
in this study, Metrosideros polymorpha (n = 18) and Acacia koa (n = 8) were most often foraged 
in.  
I found a significant relationship between morphology and foraging niche. Within my 
focal species, species with more similar morphology (smaller DE) had a more similar foraging 
ecology (higher PS) (Estimate = -0.221; SE = 0.103; t = -2.1.34; DF = 16; p-value = 0.049). 
When I expanded my analysis to include species outside of the frugivore community, I found a 
similar relationship with species that had more similar diets (higher PSdiet) also having more 
similar morphology (Estimate = -0.130; SE = 0.059 t = -2.198; DF = 134; p-value = 0.030). 
Additionally, I found several significant relationships between morphology and foraging 
behavior (Table 3.2). The probability of observing gleaning behaviors during foraging was 
significantly related to bill slenderness and the tarsus to wing ratio with species that had 
slenderer bills and longer tarsi in relation to their wings exhibiting more gleaning behaviors 
(Table 3.2; Figures 3.1A and 3.1D). Conversely, species with wider bills and longer wings in 
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relation to their tarsi were more likely to exhibit flycatching behaviors (Table 3.2; Figure 3.1C). 
The species that had more robust bills were observed eating fruit more often than birds with 
slenderer bills (Table 3.2; Figure 1B). However, observing frugivory was not related to a 
species’ mass (Table 3.2). 
The larger species, in terms of mass, were observed higher in the forest (Table 3.3). 
However, the height a species was observed in the forest was not significantly related to the 
tarsus to wing ratio even though there was a trend towards species with larger wings in relation to 
their tarsi being higher in the forest and species with longer tarsi in relation to their wings being 
lower in the forest (Table 3.3).  The probability of observing hanging behaviors was significantly 
related to mass, with smaller species, in terms of mass, more likely to hang from branches (Table 
3.4; Figure 3.2A). Likewise, smaller species were more likely to be observed hopping than larger 
species (Table 3.4; Figure 3.2C). Additionally, species with longer tarsi in relation to their wings 
were more likely to hop and less likely to hang (Table 3.4; Figures 3.2B and 3.2D). The species 
with longer wings in relation to their tarsi were more likely to be observed foraging in the 
periphery of plants while species with longer tarsi in relation to their wings were more likely to 
be observed in the interior of plants (Table 3.4; Figure 3.3). I did not find a relationship between 
the species’ mass and being observed in the periphery of the tree (Table 3.4). 
An introduced species’ probability of establishing on O‘ahu was negatively related to the 
average similarity of its diets with the incumbent species (PSdiet; Table 3.5; Figure 3.4) so that 
species with more similar diets to the incumbent community had a reduced chance of 
establishing. This result was also found when excluding gamebirds that were introduced for 
hunting purposes (Table 3.5; Figure 3.4). The species richness of the incumbent community was 
only significantly related to an introduced species probability of establishing when game birds 
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were excluded (Table 3.5) with species having a smaller chance of establishing if more species 
were already present in the community. Neither average similarity in foraging strata use 
distributions (PSfor) between an introduced species and the incumbent community or the number 




I found significant relationships between morphology and ecology within a novel 
community of bird species. All of the foraging behaviors I observed (frugivory, flycatching, and 
gleaning) were significantly related to at least one morphological trait. In addition, the movement 
behaviors, foraging location (i.e. interior vs. exterior of plant), and minimum height in forest 
showed significant relationships with morphology. The morphological dissimilarity was also a 
significant predictor of niche similarity further supporting the conclusion that there is a strong 
relationship between form and function within the bird community on O‘ahu. The lack of 
evolutionary history between these species may lead to the expectation that ecomorphological 
relationships would be weakened. Since I found the majority of ecological characteristics I 
investigated were related to at least one morphological trait, I hypothesize that ecological fitting 
during the invasion process gave rise to these relationships and to the structure of the novel bird 
community on O‘ahu. This hypothesis is further supported by my finding that the probability of 
establishment increased the more dissimilar a species dietary niche is from the incumbent 
community.  Similarly, Vizentin-Bugoni et al. (2019) hypothesized that ecological fitting may 
have led to the complex and stable structure of the seed dispersal networks on the island.  
However, because rapid morphological change has also been described in my focal species 
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(except WRSH; Gleditsch and Sperry 2019), the influence of evolution after their introduction on 
these relationships cannot be ignored. 
The relationships I found in this novel system largely corroborate what has been 
previously described in the literature for native dominated systems. Species that depend more on 
wing-aided movements for their foraging (e.g. flycatching, and often flights between trees or 
branches) tend to have shorter legs due to the beneficial reduction of drag and weight during 
flight (Leisler and Winkler 1985). My results show similar trends with species with shorter tarsi 
relative to their wings more likely to be observed flycatching and/or foraging in the periphery of 
plants, both behaviors that rely more on flight than other behaviors. Conversely, I found species 
with longer tarsi relative to their wings were more likely to engage in hopping movements and 
forage in the interior of the plants. Indeed, Zeffer et al. (2003) suggested that species that rely 
more on hopping for movement should have longer tarsi. The significant positive relationship 
between the tarsus to wing ration and gleaning also supports this as longer tarsi would aid in 
hopping from branch to branch during foraging – a behavior often observed with gleaning birds 
(Robinson and Holmes 1982, Holmes and Recher 1986). Also, in agreement with previous 
studies (see Zeffer et al. 2003), I found that smaller species with larger tarsi in relation to wing 
length were more likely to be observed hanging during foraging. On O‘ahu, this relationship is 
likely driven by JAWE which are the smallest of the focal species (Appendix J) and were 4.5 
times more likely to be observed hanging than the next most likely species, RWBU (Appendix 
K).  
Much of the previous research on bill ecomorphology has been focused on granivores 
(e.g. Price 1987, Herrel et al. 2005) or species with specialized feeding modes (e.g. Maglianesi et 
al. 2014). Species that eat invertebrates and fruit may have weaker relationships than those that 
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eat seeds due to the increased mechanical stress on granivorous species’ bills (Lederer 1975, 
Leisler and Winkler 1985). Still, I found significant relationships between bill morphology and 
the probability of observing three common foraging behaviors. It has been suggested that more 
robust bills (wider and deeper) are characteristic of a more generalized diet and increased 
frugivory (Moermond and Denslow 1985, Snow and Snow 1988). I found a similar result with 
the probability of observing frugivory increasing with bill robustness (i.e. negative relationship 
with bill slenderness; Figure 3.1B). Wider bills are often considered to be characteristic of birds 
that flycatch during foraging while slender bills are often considered characteristic of birds that 
glean (Leisler and Winkler 1985). The relationships that I found support this conclusion. I 
observed species with wider bills were more likely to be observed flycatching (i.e. negative 
relationship with the horizontal bill aspect ratio) while birds with more slender bills were more 
likely to be observed gleaning (i.e. positive relationship with bill slenderness; Figure 3.1A). 
However, within the focal community of this study JAWE are an outlier in their bill morphology 
having the slenderest bills of my focal species (Appendix J), potentially unduly influencing the 
models.  
Although most of my results matched those predicted by the literature, several 
relationships I analyzed were non-significant or in contrast to the literature. This is likely due to 
the relatively small number of species included in my analyses, all belonging to similar foraging 
guilds.  For instance, I did not find a relationship between the tarsus to wing ratio and the 
probability of observing a bird on the ground which contrasts with the expectation that species 
with larger tarsi tend to forage on the ground (Zeffer et al. 2003). The theorized relationship 
between foraging on the ground and tarsus length stems from the increased step length produced 
by larger tarsi making movement along the ground more efficient (Zeffer et al. 2003). The 
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species in my study are mainly arboreal and belong to the same foraging guild while the studies 
that show a relationship between foraging on the ground and tarsus length typically include 
multiple guilds (Leisler and Winkler 1985; Zeffer et al. 2003). Additionally, my results suggest 
larger birds are more likely to forage higher in the forest.  This is counter to previous studies 
documenting that smaller birds (based on body size) are more likely to forage higher in the 
canopy (Cody and Mooney 1978, Forstmeier and Keßler 2001). The largest species in my study 
is the RVBU which was also almost exclusively observed in or on top of the forest canopy likely 
driving this result. It is possible that the inclusion of more species (e.g. game birds) across 
foraging guild (e.g. granivores) may further elucidate ecomorphological relationships that better 
match those proposed by the literature. My results showing that species pairs with more different 
morphologies have more different foraging niches suggest that there is a strong relationship 
between ecological niche and morphology, even when looking across guilds.  
It is common in species introduced to islands to expand their niche by incorporating more 
resource types into their diet or occupying a wider range of environments due to ecological 
release (MacArthur et al. 1972). Four of these species exhibited morphological shifts that may 
support the notion that they now occupy a more generalized niche (i.e. more robust bills; 
Gleditsch and Sperry 2019), and, interestingly, the morphological changes observed in Gleditsch 
and Sperry (2019) align well with the ecomorphological relationships I observe here. In that 
study, the bird species that exhibited the largest shifts towards more robust bills were the species 
in this study that exhibited the most frugivory (RBLE, RVBU, and RWBU; Appendix K and see 
Vizentin-Bugoni et al. 2019). Additionally, the species that had shorter wings on O‘ahu included 
the species that were the least likely to be observed flycatching and were the species observed 
lower in the forest (JAWE, RBLE, and RWBU; Appendix K). RVBU and RWBU had similar 
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morphologies in this study (except RVBU are larger) and are found in the same types of habitat 
(see Chapter 4), but they occupied different forest strata with RWBU being observed lower in the 
forest more often than RVBU (Appendix K).  Gleditsch and Sperry (2019) found that RWBU 
had shorter wings on O‘ahu, and thus they may have shifted their behaviors to limit the 
ecological overlap with RVBU creating evolutionary pressures selecting for shorter wings. 
However, the detailed ecological data for these species in their native ranges are lacking, and 
therefore, I cannot determine the causal relationships between evolutionary and ecological 
processes. From other accounts the two species seem to have very similar generalized foraging 
ecologies in the native range but occupy different habitats with RWBU confined to wetter, more 
evergreen forests than RVBU (Fishpool et al. 2019).  
I found that the probability of establishment was negatively related to the average 
similarity of dietary niche between the introduced species and the incumbent community 
suggesting that the only species that were able to establish on O‘ahu were those that had 
ecologies different enough from the incumbent community that they were able to fill the 
available niche space. This result, the fact that the majority of ecomorphological relationships I 
found match those proposed by the literature, and the negative trend between morphological and 
foraging niche similarity suggests that ecological fitting was important in the bird community 
assembly of this novel system. Additionally, supporting this conclusion, of the 47 extant 
terrestrial bird species (excluding rails, herons, and sandpipers) on O‘ahu, only four genera have 
more than one species (suggesting phylogenic overdispersion). Congeneric species may be more 
likely to have similar morphology and overlapping niches increasing their competition and 
leading to only one of those species successfully establishing. However, if the species are 
morphologically distinct, they may have ecologies that differ enough to coexist. Indeed, when 
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examining the finch species that have been introduced onto O‘ahu, Moulton and Lockwood 
(1992) found that the fifteen species that have successfully established were morphologically 
overdispersed when compared to pools of other species. This result was upheld when they then 
examined finch species found in a single type of habitat.  
The commonness of significant relationships between ecology and morphology in this 
novel community and the fact that species with more dissimilar morphologies have more 
different ecology, suggests a strong relationship between form and function. Evolutionary 
processes, while still likely acting on these species, appear to be secondary to ecological fitting 
in structuring the novel bird community, fine-tuning the form-function relationships. Still, since 
the relationships between form and function were conserved in the novel bird community on 
O‘ahu, evolutionary processes such as those previously found in Hawai‘i may influence the 
ecological function of birds species on the island. Changes in the ability of the introduced species 
to fulfil their ecological function could mitigate or exacerbate the effects of the introduction and 
alter the functioning and stability of the novel systems now present in many regions of the world. 
Although I see these relationships in O‘ahu, novel systems, almost by their very nature, are 
unpredictable.  O‘ahu presents an extreme case of novel systems, and a more global look at 
ecomorphological relationships, across a gradient of native to non-native communities, would be 





Table 3.1: The predictions based on the literature used to build the models between morphology 
and ecology. Pos = Positive relationship and Neg = Negative relationship. The blanks represent 
relationships that were not described in the literature used for determining my predictions. See 
text for how the morphological characteristics were calculated. 





1 Foraging Height1-10 Neg   Neg 
2 Gleaning11 Pos Pos* Pos  
3 Flycatching11,12 Neg Neg   
4 Frugivory13,14   Neg Pos 
5 Hanging15 Neg   Neg 
6 Hopping15 Pos    
7 In Periphery11,15,16 Neg   Neg 
8 On Ground15 Pos   Pos 
*Only bill slenderness was used in the model for prediction 2 because bill horizontal aspect ratio 
and bill slenderness are correlated  
1Osterhaus (1962), 2Grant (1965), 3Grant (1966), 4Fretwell (1969), 5Gaston (1974), 6Cody and 
Mooney (1978), 7Sæther (1983), 8Miles and Ricklefs (1984), 9Landmann and Winding (1993), 
10Forstmeier and Keßler (2001), 11Leisler and Winkler (1985), 12Price (1991), 13Moermond and 
Denslow (1985), 14Snow and Snow (1988), 15Zeffer et al (2003), 16Savile (1957)
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Table 3.2: Results from the generalized linear mixed models of three observed foraging 
behaviors and morphology. The response variable for each model was the probability of 
observing the behavior. The prediction from Table 3.1 that each model addresses is noted in the 
first column. See text for how the morphological characteristics were calculated. Bolded values 
are significant at the α = 0.05 level. 
Prediction Response Variable Morphology Estimate SE t-value P-value 
2 Gleaning Bill Slenderness 9.496 2.711 3.503 0.0005 
  Tarsus:Wing 16.044 3.947 4.065 <0.0001 
       
3 Flycatching Horiz. Aspect  -2.311 0.862 -2.683 0.0073 
  Tarsus:Wing -29.417 5.782 -5.088 <0.0001 
       
4 Frugivory Bill Slenderness -13.874 5.342 -2.597 0.0094 
    Mass -24.994 34.152 -0.7320 0.4643 
 
 
Table 3.3: Results from the two linear mixed models of the height the birds were observed and 
their morphology. The response variables were the relative maximum and minimum heights at 
which each bird was observed (observed height divided by average canopy height). The 
prediction from Table 3.1 that each model addresses is noted in the first column. Bolded values 
are significant at the α = 0.05 level. 
Prediction Response Variable Morphology Estimate SE DF t-value P-value 
1 Maximum Height Tarsus:Wing -1.956 2.249 9.96 -0.870 0.4048 
  Mass 12.444 5.573 129.14 2.233 0.0273 
        
1 Minimum Height Tarsus:Wing -1.685 2.334 11.25 -0.722 0.4851 




Table 3.4: Results from the generalized linear mixed models of four observed movement 
behaviors and foraging locations with morphology as the independent variable. The response 
variable for each model was the probability of observing the behavior. The prediction from Table 
3.1 that each model addresses is noted in the first column. See text for how the morphological 
characteristics were calculated. Bolded values are significant at the α = 0.05 level. 
Prediction Response Variable Morphology Estimate SE z-value P-value 
5 Hanging Tarsus:Wing -24.326 10.867 -2.239 0.0252 
  Mass -200.017 35.167 -5.688 <0.0001 
       
6 Hopping Tarsus:Wing 16.385 2.690 6.092 <0.0001 
  Mass -38.359 12.031 -3.188 0.0014 
       
7 In Periphery Tarsus:Wing -32.054 7.737 -4.143 <0.0001 
  Mass -25.943 28.938 -0.896 0.3700 
       
7 In Interior Tarsus:Wing 31.563 8.425 3.747 0.0002 
  Mass 41.853 25.071 1.669 0.0950 
       
8 On Ground Tarsus:Wing 29.635 15.615 1.898 0.0577 




Table 3.5: The probability of an introduced species establishing was negatively related to the 
average similarity of the introduced species’ diet resource distribution with the incumbent 
community. Shown are the result from two binomial generalized linear models with 
establishment as the response and species’ taxonomic family as a random effect with and without 
game birds. Species richness was the number of species in the incumbent community and the 
number of introduction years was the number of years the species was reported to be introduced 
or escaped. The proportional similarity of diet and forest strata use measures the average 
similarity between the introduced species’ and incumbent community’s diet and foraging strata 
distributions. Bolded values are significant at the α = 0.05 level. 
Community Variable Estimate SE z p-value 
All Terrestrial 
Bird Species 
Species Richness -0.028 0.015 -1.821 0.069 
 Number of Introduction 
Years 
0.013 0.017 0.730 0.465 
 Proportional Similarity 
of Diet 
-6.649 2.692 -2.470 0.014 
 Proportional Similarity of 
Foraging Strata Use 
1.131 1.341 0.843 0.399 
      
Without Game 
Bird Species 
Species Richness -0.062 0.023 -2.677 0.007 
 Number of Introduction 
Years 
0.002 0.023 0.067 0.947 
 Proportional Similarity 
of Diet 
-8.109 3.462 -2.342 0.019 
  
Proportional Similarity of 
Foraging Strata Use 





Figure 3.1: Predicted relationships between bill robustness and (A) the probability of observing 
gleaning behaviors and (B) the probability of observing frugivory. Bill slenderness was 
calculated by dividing bill length by the cross-sectional area at nares, and therefore, smaller 
values represent more robust bills and larger values represent slenderer bills. Also shown are the 
predicted relationships between the tarsus to wing ratio and (C) the probability of observing 
flycatching behaviors and (D) the probability of observing gleaning behaviors. The gray ribbons 




Figure 3.2: Smaller species with longer tarsi were more likely to be observed hopping while 
smaller birds with shorter tarsi were more likely to be observed hanging. Shown are the predicted 
relationships between the probability of observing hanging behaviors and (A) the average mass 
of each species at each site and (B) the average tarsus to wing ratio of each species at each site. 
Also shown are the predicted relationships between the probability of observing hopping 
behaviors and (A) the average mass of each species at each site and (B) the average tarsus to 




Figure 3.3: Species with longer tarsi were more likely to be observed in the interior of the plant 
while species with longer wings were more likely to be observed in the periphery of the plant. 
Shown are the predicted relationships between the average tarsus to wing ratio of each species at 
each site and the probability of observing the species in the interior of a plant (black line with 
gray 95% confidence ribbon) and the probability observing the species in the periphery of a plant 




Figure 3.4: The probability that an introduced bird species established on Oahu was reduced if 
their dietary niche was more similar on average to the incumbent bird community. Shown are the 
predicted relationships between the probability of establishment and the average proportional 
similarity of diet for an introduced species with (black line with gray 95% confidence ribbon) 
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CHAPTER 4: DRIVERS OF AVIAN DIVERSITY AND HABITAT RELATIONSHIPS 
OF NOVEL BIRD COMMUNITIES IN HAWAIIAN FORESTS3 
 
ABSTRACT 
The creation of novel ecosystems is common in the Anthropocene due to anthropogenic 
disturbances and the introduction of species around the world. Through this process, both native 
and non-native species are exposed to new environments and ecological communities which can 
lead to shifts in ecologies and community homogenization. I investigated the forest bird 
communities across seven sites on the Hawaiian island of Oʻahu that varied in abiotic and biotic 
characteristics to determine the habitat associations of species within the community and drivers 
of diversity. Since the forest bird community on Oʻahu includes only several native species, I 
hypothesized there should be little heterogeneity across the island and that there will be little 
habitat associations across species. I found that bird community diversity and heterogeneity was 
primarily driven by elevation. Non-native species were found in all sites but were generally more 
common at lower elevations with native species being more common in higher elevation forests. 
The amount of particular plant species did not drive the abundance of bird species. 
However,’apapane (Himatione sanguinea) was associated with the native tree Metrosideros 
polymorpha suggesting that associations with certain plant species may be lacking in this system 
due to its novelty, leading to elevation and, to a lesser degree, vegetation structure being the most 
important drivers of community heterogeneity. The drivers of bird diversity found in the novel 
communities of Oʻahu largely match those found across the world suggesting that evolutionary 
history is not required to develop smaller scale diversity gradients.
                                                 
3 This chapter will be submitted for publication. Full citation: 
Gleditsch, J. M., J. P. Kelley, D. R. Drake, J. T. Foster, A. M. Hruska, C. E. Tarwater, R. C. Wilcox, and J. H. 





 The spread and introduction of species around the world is one of the defining 
characteristics of the Anthropocene (Lewis and Maslin 2015), leading to interactions among 
species that have not co-evolved in the same ecosystem (Mack et al. 2000, Hobbs et al. 2006, 
Lugo et al. 2012). Exposure to novel competitors and resources through species introductions 
can cause shifts in both the non-native and native species’ ecology and/or ranges resulting in 
modified habitat relationships and community compositions (Sax et al. 2007). In particular, 
introductions on islands often lead to an expansion of the non-native species’ niche to a more 
generalized ecology (MacArthur et al. 1972, Clegg 2009) which can erode habitat relationships 
for those non-native species. However, over time and as more species are introduced, species 
may form habitat associations that determine their distribution across the landscape and drive 
patterns of ecological community composition (Diamond 1970). Understanding the drivers of 
community composition and species’ habitat associations is vital for the conservation of 
ecological function and the understanding of how novel communities assemble and organize. 
 Bird communities have long been used to understand the drivers of community structure 
(Karr 1971, MacArthur et al. 1972, Wiens 1989). For example, elevation, through its effect on 
many different aspects of the abiotic and biotic environment (e.g. temperature, moisture, plant 
community turnover, etc.), has been shown to influence bird communities and diversity across a 
range of systems (MacArthur 1972, Terborgh 1977, Rahbek 1995, McCain 2009, Quintero and 
Jetz 2018). Beta diversity, or the species turnover between habitats or locations, has also been 
linked to elevational differences between locations at various scales (Terborgh 1971, Jankowski 
et al. 2009, Melo et al. 2009). Similarly, rainfall can also have important effects on bird species 
distributions through its influence on resources (Karr 1976, Tischler et al. 2013). Further, the 
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relative importance of vegetation physiognomy (i.e. the vegetation structure; MacArthur and 
MacArthur 1961, Skowno and Bond 2003, Kennedy et al. 2018) and floristics (i.e. the species 
composition of the plant community; Rotenberry 1985, MacNally 1995, Rodewald and Abrams 
2002, Jankowski et al. 2013) have been found to be important drivers of bird community 
diversity and certain species’ distributions.  Although the mechanisms driving bird community 
structure and diversity have been well studied, the vast majority of previous work has been 
focused on native-dominated communities.  With the increasing spread of non-native species and 
associated novel communities, it is becoming increasingly more important to understand how 
non-native dominated bird communities are influenced by abiotic and biotic factors.   
An extreme example of extinction and introduction is the Hawaiian archipelago where 
nearly half of the resident bird species are introduced (Vitousek et al. 1987) and 72% of native 
land bird species have gone extinct (Walther 2016). Additionally, many of the native species 
remaining in the archipelago have become restricted to higher elevation forests as a result of the 
combined effects of anthropogenic disturbance (van Riper and Scott 2001) and introduced 
mosquitos that carry avian malaria (Plasmodium relictum; Atkinson et al. 2014, Paxton et al. 
2016). In contrast, non-native birds are less susceptible to avian malaria (van Riper et al. 1986), 
and therefore, the introduction of avian malaria should create largely non-native bird 
communities in low elevation forests. The non-native bird species in Hawaiʻi may also be 
competing with native species (Freed and Cann 2009) and with other non-natives 
(Mountainspring and Scott 1985) in novel interactions further altering species’ habitat 
relationships.   
Even within the Hawaiian archipelago, the island of Oʻahu presents a particularly 
extreme case of modified landscapes and communities. Less than 1% of Oahu forests are 
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considered undisturbed (Gagné 1988), and even within managed conservation areas, native plant 
species richness has decreased nearly 70% in the last fifty years (Hibit and Daehler 2019). Non-
native species currently comprise almost half of the total tree basal area in those areas (Hibit and 
Daehler 2019). Additionally, all but three native passerines on Oʻahu have gone extinct or have 
been extirpated (Walther 2016, Pyle and Pyle 2017) with one of those species listed as 
endangered by the IUCN (BirdLife International 2016). Due to these factors, O‘ahu is often 
overlooked in historical field studies of bird community structure (see Scott et al. 1986). Further, 
recent work has demonstrated that non-native frugivorous (eat fruit and disperse seeds) birds are 
responsible for the vast majority of seed dispersal on the island (Vizentin-Bugoni et al. 2019), a 
critical aspect of ecosystem functioning, yet very little is known about their distribution and 
habitat associations on the island.  This lack of knowledge of the drivers of community 
composition and non-native species’ habitat associations hinders the ability of conservationists to 
make informed conservation plans.  
In this study I had three objectives: (1) evaluate habitat relationships of the forest bird 
species of O‘ahu focusing on common plant species and abiotic and biotic environmental 
variables, (2) determine the importance of various abiotic and biotic variables in driving the 
patterns of bird diversity in the forests of O‘ahu, and (3) associate the heterogeneity of bird 
communities to biotic and abiotic variables to determine the possible drivers of the spatial 
variation in bird communities.  Since the ecosystems on O‘ahu are novel and most bird species 
are non-native, I expected that there should be spatial homogeneity in community composition, 
that abiotic and biotic factors would have little influence on community structure overall, and 





Study Sites  
To determine the abundance of bird species, I conducted point counts at seven sites 
across the Hawaiian island of O‘ahu from March 2015 through December 2017. These sites 
varied in both abiotic and biotic characteristics (Table 4.1). The sites were split between the 
Waiʻanae (n = 4) and Koʻolau mountain ranges (n = 3) and had an elevational range of 
approximately 120m to 1200m above sea level (Table 4.1). The number of point count locations 
in each site varied from 6 to 13 depending on site size (Table 4.1). In every site except Ekahanui 
(hereafter EKA), the point count locations were along trails that ran central to the site and at least 
150 m apart. In EKA, the point counts were laid out in a 150 m grid. Each point was located such 
that each point had woody vegetation at least two meters tall within 40 m of the point. The 
elevation of each survey point was determined using a digital elevation model of Oʻahu (USGS 




One site was visited per week and every point was surveyed on a single day making the 
time between counts seven weeks per site. On the day of the surveys, the first points were 
surveyed at dawn (approximately thirty minutes before sunrise) and all surveys were completed 
within 5.5 hours of sunrise. Surveys were not conducted in heavy rain or high winds (>7 on the 
Beaufort Scale), and if a survey was not able to be conducted due to weather, it was conducted 
on the next day. The surveys followed a two-minute acclimatization period and lasted eight 
minutes. During the survey, every bird heard or seen was recorded, with species identity, 
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estimated distance, and bearing also recorded. Only birds detected within 40 meters of the point 
were used in analyses. Immediately after the survey, the following point-level abiotic conditions 
were recorded: intensity of rain (none, light, moderate, heavy), cloud cover (percent of visible 
sky obscured by clouds), and wind speed (Beaufort Scale: 0-7). If wind gusts were observed 
during the counts, the average between the strengths of the sustained wind and gusts was used. 
 
Habitat Measurements 
To describe the habitat around each survey point, I characterized the plant community 
and four vegetation structure variables (i.e. canopy height, canopy cover, forest openness, and 
vegetation density of the shrub layer; Table 4.2) at four points around each survey point (one at 
the survey point and three 10m from the survey point at bearings of 0, 120, and 240 degrees). To 
characterize the plant community at and around each point, the stem density of each woody 
species and the estimated percent cover of each herbaceous species was recorded within a 2m 
radius. The clonal tree Hibiscus tiliaceus and the vine species observed have sprawling growth 
structures making it difficult to obtain good stem counts, and therefore, I estimated the cover of 
these species. The vegetation structure at each point was determined by recording the canopy 
height measured with a graduated 2m pole (for canopies < 4m) or a range finder, visual 
estimation of canopy cover (percent of visible sky obscured by vegetation), and the presence of 
vegetation within 2m increments of the forest column. The presence of vegetation in the forest 
column was then converted into a variable of forest openness by subtracting the proportion of 
two-meter increments that had vegetation from one (as in Wilcox and Tarwater in review; 
hereafter “openness”). Additionally, a Robel pole was used to determine the density of 
vegetation in the shrub layer (see Robel et al. 1970). The stem counts and vegetation structure 
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data were then averaged across the four points around each survey point. All point-level habitat 
measurements were collected by J. M. Gleditsch 
In addition to the point-level habitat metrics, I also calculated site-level habitat variables. 
The species richness of woody and herbaceous plants (hereafter “richness”) was determined for 
each site by combining the above vegetation surveys with ten 50m transects approximately 10m 
apart, centered within the bird survey points for each site. Every meter along each transect, the 
plants that intersect a vertical line were recorded. Information on the detected plants’ 
reproductive ecology (bearing fleshy or non-fleshy fruit) and its origin (native or non-native) was 
obtained from Wagner et al. (1999). The level of invasion was calculated by dividing the number 
of non-native species by plant species richness for each site (as recommended by Catford et al. 
2011; hereafter labeled “invasion level”). Similarly, the proportion of fruiting species (hereafter 
“fruit proportion”) was calculated by dividing the number of species that bore fleshy fruit by 
plant species richness for each site. For all other analysis, the herbaceous, non-fleshy fruited 
plant species were combined into categories based on their growth form (i.e. tree fern, other fern, 
short grass, tall grass, sedge, and forb).  
 
Statistical analyses 
To evaluate the influence of weather and time of year on the count of each bird species, I 
first ran zero-inflated Poisson mixed models with each weather variable, time since sunrise, and 
month as fixed effects and observer category and site as random effects using the “glmmTMB” 
function in the “glmmTMB” package (Brooks et al. 2017). The count for each bird species 
during each survey was the response variable. The zero-inflated part of the model was intercept 
only and had site as a random effect. I then compared models of all combinations of fixed effects 
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using the “dredge” function in the “MuMIn” package (Barton 2019). The model with the lowest 
AICc (Akaike’s Information Criterion corrected for small sample size) was then selected and 
used in subsequent analyses (hereafter referred to as the “detection model”). Observer was 
categorized based on the number of surveys each observer conducted. Observers that conducted 
at least 90 surveys were retained individually (6 observers) and the rest were grouped into the 
following categories based on how many surveys they conducted: 70-89, 60-69, 50-59, 40-49, 
30-39, 20-29, 10-19, and <10 surveys. 
 To evaluate the relationship between habitat variables and bird abundance, I used the top 
ranked detection model (above) for each bird species and then added the standardized point-level 
average canopy height, average canopy cover, and elevation, and the site-level species richness, 
proportion of fleshy-fruited plant species, and proportion of introduced plant species (hereafter 
collectively referred to as “environmental variables”). Additionally, because species may have 
mid-elevation peaks in abundance, I included the square of elevation. I standardized each 
numerical explanatory variable by mean centering and dividing by the standard deviation so that 
comparisons of the beta estimates can be made. Since the communities on O‘ahu are almost 
completely novel, I could not build models a priori. Therefore, I determined the models that best 
explained the variation in each species’ abundance based on their AICc out of a model set that 
included every combination of predictors possible and then averaged the beta estimates of the 
models that accounted for 95% of the cumulative model weight using the function “model.avg” 
in the “MuMIn” package (Barton 2019). 
 Using the average beta estimates from the habitat association model, I estimated the 
abundance of each bird species at each point, averaged over the year, to calculate diversity and 
evenness metrics. For the bird species that did not have enough data for the models (n = 9), I 
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averaged their counts across all surveys and excluded the species that only had one individual 
detected during the entire study (n = 1). With those estimated abundances, I calculated the 
Shannon diversity index and evenness (Peet 1975) for each point and related those to the 
environmental variables and the site-level average annual rainfall, point-level shrub density 
(Robel score), and forest openness. Since evenness ranges from zero to one, I used a generalized 
mixed model with a beta error distribution and a logit link function, and I used a gaussian error 
distribution for Shannon diversity index again with the “glmmTMB” function. 
 To further determine the drivers of bird diversity on O‘ahu, I converted the point count 
data into presence-absence and calculated the species turnover (beta diversity) between each 
pair-wise point comparison and site comparison. I used two indices of beta diversity, βsim 
(Lennon et al. 2001, Melo et al. 2009) and Sørensen’s dissimilarity (βsor; Sørensen 1948). βsim 
differs from Søresen’s dissimilarity in that it is less sensitive to species richness making 
comparisons with other studies easier, and for nested communities (one community is a subset of 
another), βsim will equal zero meaning there is no turnover in species (Melo et al. 2009). The two 
indices were then related to the linear distance between each pair-wise point comparison as well 
as the difference in elevation, invasion level, vegetation structure, and plant community between 
each pair-wise point comparison using ordinary least squares regression. The difference in 
vegetation structure was determined by calculating the Euclidean distance between each survey 
point in a principal component analysis based on the canopy height, canopy cover, species 
richness, proportion of fleshy-fruited plant species, shrub density, and forest openness. The 
difference in plant community was determined by calculating the Bray-Curtis dissimilarity 
between each pair-wise point comparison based on the average stem counts or cover of plants 
around each survey point. Each of the differences between points (except the bird community 
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differences) were standardized by mean centering and dividing by the standard deviation to 
facilitate the comparison of relationships. 
In order to determine the relationship between individual plant species and bird 
community composition, I conducted a non-metric multidimensional scaling ordination 
(hereafter NMDS) of the bird communities at each survey point (based on the estimated bird 
abundances). In an NMDS, the Bray-Curtis distance between points is determined based on the 
bird communities at each point (i.e. dissimilarity in bird community). The NMDS was performed 
using the “metaMDS” function in the “vegan” package (Oksanen et al. 2018). The axes were 
then rotated (PC rotation) so that the first dimension describes the most variation among the bird 
communities at each point. I then fit the average stem count or cover of each plant species at 
each point onto the NMDS with the “envfit” function with 999 permutations within the “vegan” 
package (Oksanen et al. 2018) and determined the R2 for the relationship between the two axes 
of the NMDS and each plant species. 
  I also selected eight non-native and native plant species based on their commonness in 
the diet of the forest bird community of Oʻahu (from Vizentin-Bugoni et al. 2019) and how 
widespread they are in this study. The non-native plant species selected were Clidemia hirta 
Rubus rosifolius, Psidium cattleyanum, and Schinus terebinthifolius. The native plant species 
selected were Pipturus albidus, Psydrax odorata, Acacia koa, and Metrosideros polymorpha. 
While all of the non-native plant species I selected bear fleshy fruits, A. koa and M. polymorpha 
do not bear fleshy fruit (Wagner 1999). The counts of each bird species were related to the 
selected plant species by using the top ranked detection model and including the standardized 
amount of the selected plant species (average stem count for woody species and percent cover 
for the herbaceous species). Each combination of predictors (i.e. plant species) was ran and the 
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estimates were averaged over the models that accounted for 95% of the model weight according 
to their AICc as it was done for the environmental variables. All statistical analyses were 
conducted in R (version 3.6.1; R Core Team 2019). 
 
RESULTS 
Bird Community Structure 
I detected 19,316 birds of 24 species from 15 families during 1501 surveys across 
approximately three years (Figure 4.1, see Appendix L for a list of species and their average 
estimated abundance at each site). Of these species, two were endemic to O‘ahu (O‘ahu amakihi 
and O‘ahu ‘elapaio, OAAM and OAEL, respectively), another endemic to Hawaiʻi (‘apapane, 
APAP), and another non-endemic native species (black-crowned night heron – Nycticorax 
nycticorax, BCNH) that is typically found near ponds, streams, and marshes. The bird 
communities across the sites showed variation with Waimea Valley (hereafter WAI) and Mt. 
Ka’ala (hereafter MTK) being the most different (Figure 4.1, Appendix L). Pahole NAR 
(herafter PAH) and Kahanahāiki (hereafter KAH) had the most similar bird communities (Figure 
4.1, Appendix L).  
Many bird species were found in every site and included the main frugivores on the 
island (i.e. JAWE, RBLE, RVBU, and RWBU; Figure 4.1, Appendix L). The species that 
separated MTK, PAH, and KAH bird communities from the other sites were ‘apapane and 
Japanese bush warbler (Horornis diphone, JABW), with the PAH and KAH bird communities 
separating from MTK due to the higher abundances of Erckel’s francolin (Pternistis erckelii, 
ERFR), kalij pheasant (Lophura leucomelanos, KAPH), and rock pigeon (Columba livia, ROPI) 
at the former two sites (Figure 4.1, Appendix L). EKA had more scaly-breasted munias 
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(Lonchura punctulate, SBMU), common mynas (Acridotheres tristis, COMY), and the only 
observations of the O‘ahu ‘elapaio (Figures 4.1, Appendix L) and the rest of the sites (MOA, 
WAI, and TAN) had similar communities with MOA and WAI having more spotted doves 
(Spilopelia chinensis, SPDO), zebra doves (Geopelia striata, ZEBD), and red-crested cardinals 
(Paroaria coronata, RCCA) than TAN (Figures 4.1, Appendix L). 
 
Drivers of Bird Community Diversity 
Both evenness and diversity of the bird community were related to multiple 
environmental variables that loosely mirrored each other. I observed low- to mid-elevation peaks 
in evenness and diversity (Figure 4.2), and both metrics were positively associated with plant 
species richness (Table 4.3; see Appendices M and N for plant communities). Evenness was also 
related to canopy cover and plant community variables with higher evenness associated with 
higher canopy cover and the proportion of fruiting plants and introduced plant species (Table 
4.3). Conversely, diversity of the bird community was lower in areas with higher canopies (Table 
4.3). 
 The beta diversity of the bird community at the site level, as measured by the average βsim 
between sites, ranged from 0.056 (±0.38 s.e.) to 0.145 (±0.025 s.e.).  Beta diversity, at the point 
level, increased as the distance between points, the difference in elevation, and difference 
between invasion level increased (Figure 4.3 and Table 4.4). Interestingly, βsim between points 
decreased with increased differences in the plant community. The beta diversity of the bird 
community between points, as measured by βsor, increased as the distance between points, the 
difference in elevation, difference in physiognomy, difference in invasion level, and difference in 
plant community increased (Figure 4.3 and Table 4.4). The abiotic and biotic differences 
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between points explained more variation in βsor than in βsim (Adjusted R2 = 0.482 and 0.300, 
respectively). 
 
Species-Specific Habitat Relationships 
Overall elevation was the most important variable influencing the abundance of the bird 
species. However, the influence of the environmental variables tended to vary between foraging 
guilds. Omnivorous species tended to have relatively small beta estimates meaning there was 
little influence of elevation on their abundances. Still, the more frugivorous omnivores tended to 
be found at lower elevations with a more open canopy (Figure 4.4, Appendix O). While the more 
granivorous omnivores, excluding the red-crested cardinal, were found more in mid elevation 
habitats that had high levels of non-native plants (Figure 4.4, Appendix O). Additionally, the 
granivorous species tended to be more in sites with less fleshy-fruited plant species and in the 
case of the common waxbill (Estrilda astrild) more open canopies (Figure 4.4, Appendix O) 
likely due to the increase growth of grass. The native APAP did not exhibit strong relationships 
with many of the environmental variables in the zero-inflated Poisson models but were found 
more in areas with more canopy cover (Figure 4.4, Appendix O). However, they did have higher 
estimated densities in areas at higher elevations (average above 400m = 1.13 ind/ha ±0.137 s.e.; 
below 400m = 0.006 ind/ha ±1.55 x 10-4 s.e.). The native OAAM were more often observed in 
higher elevation areas that had higher plant species richness, level of non-native plant species, 
and proportion of fleshy-fruited species (Figure 4.4, Appendix O).  
 When I related the plant community to the NMDS of the estimated bird communities at 
each point, I found that only one plant species played an important role in explaining the 
variation in bird community. Metrosideros polymorpha had an R2 = 0.667 with the NMDS 
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dimensions and was strongly correlated with the first dimension which represent the main axis of 
differentiation between the estimated bird communities at each point (Appendix P). Additionally, 
the first dimension of the NMDS was related to a relatively more native bird community as given 
by the higher loading of APAP on the first dimension (loading = 0.927), which was the highest 
loading of any of the bird species (Appendix Q). 
 Overall the amount (stem count for woody and cover for herbaceous species; Appendices 
M and N) of the selected plant species had relatively weak relationships with individual bird 
species counts (Figure 4.5) with only 17% of relationships I looked at having confidence 
intervals that did not encompass zero (Appendix R). Mirroring the results of the NMDS, more 
APAP, and JABW, were found in areas with more M. polymorpha (Figure 4.5, Appendix R). In 
fact, the only relationship among the two native bird species that did not have confidence 
intervals encompassing zero was that between APAP and M. polymorpha. Interestingly, only two 
of the fleshy-fruited plant species I selected (the non-native S. terebinthifolius and the native P. 
albidus) had a positive effect with only two of the main frugivores in the O‘ahu seed dispersal 
network (Figure 4.5, Appendix R). Both JAWE and RVBU were found more in areas with more 
P. albidus, and only RVBU was found more in areas with more S. terebinthifolius (Figure 4.5, 
Appendix R). Conversely, both JAWE and RVBU were found more in areas with less P. 
cattleyanum (Figure 4.5, Appendix R). Even though C. hirta is one of the most widespread non-
native species and a part of the majority of seed dispersal interactions on O‘ahu (see Vizentin-
Bugoni et al. 2019), it only had a positive relationship with one bird species, SPDO, and had 






 The forest bird communities on O‘ahu varied across seven sites and this variation was 
correlated with both abiotic and biotic factors. Elevation and invasion level were the most 
important variables influencing forest bird species on O‘ahu (Figure 4.4, Appendix P). The 
importance of elevation in driving bird community composition mirrors that of previous studies 
(MacArthur 1972, Terborgh 1977, Rahbek 1995, McCain 2009, Quintero and Jetz 2018). 
However, unlike these other study systems, Oʻahu is exceptionally dynamic, with non-native 
species comprising approximately 83.3% of species in the bird community and 57.5% of species 
in the plant communities I observed at my study sites (Appendices L, M, and N). I would, 
therefore, expect to see a homogenization of the bird communities across the island (Devictor et 
al. 2008, Clavel et al. 2010). Although my results partially support this prediction with 75% of 
the bird species found in more than half of my study sites, I documented variation in bird 
communities that was driven by abiotic – and associated biotic – factors. In fact, the average βsim 
for each of my sites fell within the range that Melo et al. (2009) found at the same latitude in 
native dominated areas of the Americas. My results highlight the importance of abiotic and some 
biotic factors in determining the structure of communities, even in highly modified systems.  
Elevation was among the key factors affecting overall bird community composition, and I 
found relationships between elevation and bird abundance for most of the species examined. 
Nearly all of the non-native species were more abundant at lower elevations and, in contrast, the 
native species were more abundant at higher elevations.  Surprisingly, I did not find a significant 
relationship between elevation and the abundance of the native APAP although this is likely a 
function of using zero-inflated models. APAP were very rarely observed at sites lower than 
400m and they were the most abundant at my highest site, MTK (Figure 4.1, Appendix L). This 
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result is not particularly surprising given that native bird species across Hawaiʻi are restricted to 
higher elevations due to the reduced effects of mosquitoes and avian malaria at higher elevations 
(Atkinson and LePointe 2009, Paxton et al. 2016). Interestingly, my counts show that the peak 
abundance of OAAM occur at lower elevation sites than the peak abundance of APAP (Figure 
4.1, Appendix L) suggesting that this species may be more tolerant of disturbances common at 
lower elevations, such as plant introductions, which is further supported by the positive 
relationship between invasion level and OAAM abundance. Spiegel et al. (2006) found that the 
congener Hawaiʻi amakihi (Hemignathus virens) was starting to expand its range into lower 
elevations which may also be occurring on Oʻahu with the OAAM.  
The proportion of non-native species in the plant community explained much of the 
spatial heterogeneity in the bird communities, although this is likely confounded by the effects of 
elevation.  My highest elevation sites also had the highest density of native plants, likely due to 
the lack of anthropogenic disturbance (as suggested by Alexander et al. 2011) and intensive 
management for native plants.  Conversely, many of the non-native granivorous birds observed 
in my study (Lonchura punctulata, Cardinalis, Haemorhous mexicanus, and Spilopelia 
chinensis) were found in sites with higher amounts of non-native plants and at low or mid-
elevation. Disturbed sites often have greater abundances of both tall grasses and Casuarina spp. 
trees, both of which are in the diets or are associated with higher abundances of some or all of 
these species (Scott et al. 1986, Ali and Ripley 1987).   
My results suggest that the abundances of individual plant species have relatively little 
influence on overall bird communities. Still, I found that APAP were positively associated with 
the native plant species M. polymorpha. Metrosideros polymorpha has been shown to be 
important for nectarivorous birds (Scott et al. 1986) and, on Hawaiʻi Island, APAP experienced a 
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70% reduction in population size following M. polymorpha dieback (Scott et al. 1986). 
Additionally, M. polymorpha was strongly related to the main axis of differentiation between the 
bird communities at my survey points further supporting its importance in structuring bird 
communities in Hawaiʻi. The most dispersed native plant species in the O‘ahu seed dispersal 
network, Pipturus albidus (Vizentin-Bugoni et al. 2019), was positively associated with both 
Japanese white-eye (JAWE) and red-vented bulbul (RVBU) abundance. This is likely at least 
partly a function of JAWE and RVBU associations with relatively open habitats, where P. 
albidus tends to grow well (Pattison et al. 1998).  However, the spatial overlap between P. 
albidus and the two avian frugivores bodes well for the dispersal and population persistence of 
this native species. Indeed, P. albidus was the second most dispersed plant species by RVBU 
(Vizentin-Bugoni et al. 2019). Further, both M. polymorpha and P. albidus comprised about half 
of the relationships between plant species abundance and bird species abundance whose 
confidence intervals did not encompass zero highlighting the importance of native plants for the 
conservation of bird communities. 
 The bird community diversity was also more strongly related to elevation than any of the 
other environmental variables. I observed that across my survey locations there was a low- to 
mid-elevation peak in bird species diversity and evenness. This largely corroborates previous 
research from across the globe (McCain 2009). Further, in agreement with previous studies 
(Terborgh 1971, Jankowski et al. 2009, Melo et al. 2009), I found that differences in elevation 
had a stronger relationship with the dissimilarity of the bird community between survey points 
than the difference in vegetation physiognomy or the plant community. Additionally, my site-
level estimates of beta diversity fell within the range of other estimates made at the same latitude 
(see Melo et al. 2009). Contrary to the result with βsor and what I would expect, the negative 
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relationship between βsim and plant community dissimilarity would suggest that more similar bird 
communities occupy more different plant communities. However, βsim is less sensitive to nested 
communities than βsor, and therefore, when plant communities and structure are more different 
the bird communities may be more likely to be nested suggesting losses of bird species as plant 
species turnover and structure changes. 
 A limitation of my analyses is that I did not consider temporal variation in bird or fruit 
abundances. Most of the plant species included in my study have defined flowering and fruiting 
periods that may vary across the island (Foster et al. unpublished data) and the bird species that 
rely on these resources may track them across the landscape as other species do in other systems 
(as reviewed in Gleditsch et al. 2017). Indeed, on Hawaiʻi Island, JAWE and APAP were shown 
to track M. polymorpha flower abundance through time likely for the nectar resources they 
provide (Hart et al. 2011). A more robust analysis would include temporal variation in 
fruit/nectar and bird abundances across sites.  
 The current O‘ahu ecosystem is a completely novel system and has been highly dynamic 
since the arrival of Europeans, with current species interacting for less than two hundred years 
(Vitousek 1987). I would, therefore, expect that the species present should be generalized and 
have weak habitat associations (Devictor et al. 2008, Clavel et al. 2010). Contrary to that 
expectation, I found that the bird community composition varies across the island and can be 
predicted by biotic (i.e. the proportion of non-native plants in the plant community) and abiotic 
(i.e. elevation) variables. In particular, I found that, similar to other regions across the globe, 
elevation was the major driver of bird community diversity and heterogeneity across the island. 
Therefore, the assembly and structure of non-native bird communities should be expected to be 
driven through the interacting effects of elevation and anthropogenic disturbance (Benning et al. 
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2002). Additionally, my results highlight the importance of maintaining diverse native-
dominated plant communities not only for plant conservation but for the maintenance of bird 




Table 4.1: The seven sites used for avian surveys from 2015 through 2017. Site locations and characteristics are reported. SF is the 
species richness of fleshy-fruit bearing plants 













Ekahanui EKA 21°26'36.98"N 
158°04'52.11"W 
12 21 445.7 12 30 16 0.53 0.90 
Kahanahāiki  KAH 21°32'12.87"N 
158°11'37.14"W 





12 22 120.0 23 30 20 0.67 1.00 
Mt. Ka'ala  MTK 21°30'24.39"N 
158° 08'37.85"W 
6 19 1203.8 20 22 14 0.64 0.14 
Pahole NAR PAH 21°31'56.24"N 
158°10'42.97"W 
9 22 645.1 15 44 32 0.73 0.30 
Tanatalus TAN 21°20'18.21"N 
157°48'39.77"W 










Table 4.2: The habitat variables used for the community structure and species-specific analyses. 
The variables measured at the point scale were averaged across the 4 sample points at each 
survey location. Mean annual rainfall and elevation were obtained from Giambelluca (2013) and 
USGS (2015), respectively. 
Variable Units Scale Range 
Mean Annual Rainfall Meter Site 12-36 
Canopy Cover Percent Point 0-100 
Canopy Height Meter Point 1.7-31.5 
Elevation Meter Point 94.5-1213.6 
Fruit Proportion Percent Site 53-74 
Invasion Level Percent Site 13-100 
Openness Percent Point 0-100 
Richness Number Site 20-44 
Robel Percent Point 0-100 
Stem Counts Number Point NA 
 
Table 4.3: The beta estimates from linear models predicting point-level species diversity. Shown 
are the beta estimates for each environmental variable of a linear model predicting evenness and 
Shannon’s Diversity Index with upper (UCL) and lower (LCL) 95% confidence intervals. See 
text for how each variable was calculated. 
  Evenness   Shannon's Diversity 
Variable  Estimate LCL UCL   Estimate LCL UCL 
Canopy Height -0.021 -0.043 0.000  -0.018 -0.030 -0.006 
Canopy Cover 0.033 0.016 0.050  0.008 -0.002 0.018 
Openness 0.016 -0.002 0.033  0.006 -0.004 0.016 
Shrub Density 0.001 -0.016 0.017  -0.006 -0.015 0.004 
Species Richness 0.080 0.058 0.103  0.074 0.037 0.111 
Elevation 0.357 0.280 0.435  0.174 0.032 0.317 
Elevation2 -0.234 -0.292 -0.176  -0.217 -0.311 -0.122 
Annual Rainfall -0.136 -0.176 -0.096  -0.040 -0.107 0.026 
Proportion of Fruit 0.060 0.004 0.116  -0.075 -0.167 0.018 
Invasion Level 0.384 0.308 0.461   0.092 -0.034 0.218 
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Table 4.4: The beta estimates from linear models predicting the beta diversity between points. 
Shown are the beta estimates for the variables of a linear model predicting βsim and Sørenson’s 
Dissimilarity Index (βsor) with upper (UCL) and lower (LCL) 95% confidence intervals. Distance 
is the linear distance between points, Δ Elevation and Δ Invasion level is the difference in 
elevation and proportion non-native plant species, respectively, Δ Plant is the Bray-Curtis 
distance between the points’ plant communities, and Δ Vegetation Structure is the Euclidean 
distance between points from a PCA based on the point vegetative physiognomy. Each predictor 
variable had a confidence interval that did not encompass zero. Also shown are the adjusted R2 
for both models. 
  βsim   βsor 
Variable Estimate LCL UCL   Estimate LCL UCL 
Distance 0.018 0.014 0.021  0.004 0.001 0.007 
Δ Elevation 0.021 0.016 0.025  0.046 0.042 0.049 
Δ Invasion Level 0.034 0.029 0.039  0.027 0.023 0.031 
Δ Physiognomy -0.011 -0.014 -0.008  0.006 0.003 0.009 
Δ Plant Community -0.008 -0.011 -0.005  0.008 0.005 0.011 






Figure 4.1: The relative abundances for each species observed at (A) Ekahanui, (B) 
Kahanahāiki, (C) Moanalua Valley, (D) Mt. Ka’ala, (E) Pahole Natural Area Reserve, (F) 
Tantalus, and (G) Waimea Valley. Graphs A, C, F, and G are the sites that have the highest 
proportion of non-natives in their plant communities, and B, D, and G are the sites that have 




Figure 4.2: Bird species diversity and evenness both had low- to mid-elevation peaks. Shown are 
the predicted relationships of Shannon’s diversity index (blue dotted) and evenness (black solid) 





Figure 4.3: The beta estimates from linear models predicting the beta diversity between points. 
Shown are the beta estimates for the variables of a linear model predicting βsim (gray) and 
Sørenson’s Dissimilarity Index (βsor; red) with 95% confidence intervals. Distance is the linear 
distance between points, Δ Elevation and Δ Invasion level is the difference in elevation and 
proportion non-native plant species, respectively, Δ Plant is the Bray-Curtis distance between the 
points’ plant communities, and Δ Vegetation Structure is the Euclidean distance between points 





Figure 4.4: The model averaged estimates for the environmental variables. Estimates were 
averaged over the top zero-inflated Poisson mixed models (i.e. having a cumulative weight of 
95% of a complete model set) predicting counts of each bird species. See text and Appendix L 




Figure 4.5: The model averaged estimates for the eight selected plant species. Estimates were 
averaged over the top zero-inflated Poisson mixed models (i.e. having a cumulative weight of 
95% of a complete model set) predicting counts of each bird species. Panes of the top row are the 
average estimates for the selected native plant species and the bottom row are for the selected 
non-native plant species. Green = native bird species, blue = frugivorous omnivores, pink = 
granivorous omnivores, yellowish brown = insectivores, and red = granivores. See text and 




Alexander, J. M., C. Kueffer, C. C. Daehler, P. J. Edwards, A. Pauchard, T. Seipel, and Miren 
Consortium. 2011. Assembly of nonnative floras along elevational gradients explained by 
directional ecological filtering. Proceedings of the National Academy of Sciences 
108(2):656-661. 
Ali, S. and S. D. Ripley. 1987. Handbook of the birds of India and Pakistan. Vol. 5 Larks to Grey 
Hypocolius (2nd ed.). Oxford University Press, Bombay, India. 
Atkinson, C. T. and D. A. LaPointe. 2009. Introduced avian diseases, climate change, and the 
future of Hawaiian honeycreepers. Journal of Avian Medicine and Surgery 23(1):53-63. 
Atkinson, C. T., R. B. Utzurrum, D. A. Lapointe, R. J. Camp, L. H. Crampton, J.T. Foster, and T. 
W. Giambelluca. 2014. Changing climate and the altitudinal range of avian malaria in the 
Hawaiian Islands–an ongoing conservation crisis on the island of Kaua'i. Global Change 
Biology 20(8):2426-2436. 
Barton, K. (2019). MuMIn: Multi-Model Inference. R package version 1.43.6. https://CRAN.R-
project.org/package=MuMIn. 
Benning, T. L., D. LaPointe, C. T. Atkinson, and P. M. Vitousek. 2002. Interactions of climate 
change with biological invasions and land use in the Hawaiian Islands: modeling the fate of 
endemic birds using a geographic information system. Proceedings of the National 
Academy of Sciences 99(22):14246-14249. 
BirdLife International 2016. Chasiempis ibidis. The IUCN Red List of Threatened Species 2016: 
e.T22736423A95133622 (Accessed 16 October 2019). 
Brooks, M. E., K. Kristensen, K. J. van Benthem, A. Magnusson, C. W. Berg, A. Nielsen, H. J. 
Skaug, M. Maechler and B. M. Bolker. 2017. glmmTMB Balances Speed and Flexibility 
111 
 
Among Packages for Zero-inflated Generalized Linear Mixed Modeling. The R Journal 
9(2):378-400. 
Catford, J. A., P. A. Vesk, D. M.  Richardson, and P. Pyšek. 2012. Quantifying levels of 
biological invasion: towards the objective classification of invaded and invasible 
ecosystems. Global Change Biology 18(1):44-62. 
Clavel, J., R. Julliard, and V. Devictor. 2011. Worldwide decline of specialist species: toward a 
global functional homogenization? Frontiers in Ecology and the Environment 9(4):222-
228. 
Clegg, S. M. 2009. Evolutionary changes following island colonization in birds: Empirical 
insights into the roles of microevolutionary processes. Pp. 293-325 in J. B. Losos and R. E. 
Ricklefs, eds. The Theory of Island Biogeography Revisited. Princeton University Press, 
Princeton, NJ, USA. 
Devictor, V., R. Julliard, J. Clavel, F. Jiguet, A. Lee, and D. Couvet. 2008. Functional biotic 
homogenization of bird communities in disturbed landscapes. Global ecology and 
biogeography 17(2):252-261. 
Diamond, J. M. 1970. Ecological consequences of island colonization by southwest pacific birds, 
I. Types of niche shifts. Proceedings of the National Academy of Sciences 67(2):529-
536. 
Freed, L. A. and R. L. Cann. 2009. Negative effects of an introduced bird species on growth and 
survival in a native bird community. Current Biology 19(20):1736-1740. 
Gagné, W. C., 1988. Conservation priorities in Hawaiian natural systems: increased public 
awareness and conservation action are required. Bioscience 38(4):264-271. 
112 
 
Giambelluca, T. W., Q. Chen, A. G. Frazier, J. P. Price, Y.-L. Chen, P.-S. Chu, J. K. Eischeid, 
and D. M. Delparte, 2013: Online Rainfall Atlas of Hawai‘i. Bulletin American 
Meteorological Society. 94:313-316. 
Gleditsch, J. M., A. M. Hruska, and J. T. Foster. 2017. Connecting resource tracking by 
frugivores to temporal variation in seed dispersal networks. Frontiers in Ecology and 
Evolution 5:98. 
Hart, P. J., B. L. Woodworth, R. J. Camp, K. Turner, K. McClure, K. Goodall, C. Henneman, C. 
Spiegel, J. Lebrun, E. Tweed, and M. Samuel. 2011. Temporal variation in bird and 
resource abundance across an elevational gradient in Hawaii. The Auk 128(1):113-126. 
Hasui, É., V. S. D. M. Gomes, and W. R. Silva. 2007. Effects of vegetation traits on habitat 
preferences of frugivorous birds in Atlantic rain forest. Biotropica 39(4):502-509. 
Hibit, J. and C. C. Daehler. 2019. Long-term decline of native tropical dry forest remnants in an 
invaded Hawaiian landscape. Biodiversity and Conservation 28(7):1699-1716. 
Hobbs, R. J., S. Arico, J. Aronson, J. S. Baron, P. Bridgewater, V. A. Cramer, P. R. Epstein, J. J. 
Ewel, C. A. Klink, A. E. Lugo, and D. Norton. 2006. Novel ecosystems: theoretical and 
management aspects of the new ecological world order. Global Ecology and Biogeography 
15(1):1-7. 
Jankowski, J. E., A. L. Ciecka, N. Y. Meyer, and K. N. Rabenold. 2009. Beta diversity along 
environmental gradients: implications of habitat specialization in tropical montane 
landscapes. Journal of Animal ecology 78(2):315-327. 
Jankowski, J. E., C.L. Merkord, W. F. Rios, K. G. Cabrera, N. S. Revilla, and M. R. Silman. 
2013. The relationship of tropical bird communities to tree species composition and 
113 
 
vegetation structure along an Andean elevational gradient. Journal of Biogeography 
40(5):950-962. 
Karr, J. R. 1971. Structure of avian communities in selected Panama and Illinois habitats. 
Ecological Monographs 41(3):207-233. 
Karr, J. R. 1976. Seasonality, resource availability, and community diversity in tropical bird 
communities. The American Naturalist 110(976):973-994. 
Kennedy, P. L., J. B. Fontaine, R. J. Hobbs, T. N. Johnson, R. Boyle, and A. S. Lueders. 2018. 
Do novel ecosystems provide habitat value for wildlife? Revisiting the physiognomy vs. 
floristics debate. Ecosphere 9(3):e02172. 
Lennon, J. J., P. Koleff, J. J. D. Greenwood, and K. J. Gaston. 2001. The geographical structure 
of British bird distributions: diversity, spatial turnover and scale. Journal of Animal 
Ecology 70(6):966-979. 
Lewis, S. L. and M. A. Maslin. 2015. Defining the anthropocene. Nature 519(7542):171. 
Lugo, A. E., T. A. Carlo, and J. M. Wunderle. 2012. Natural mixing of species: novel plant–
animal communities on Caribbean Islands. Animal Conservation. 15(3):233-241. 
MacArthur, R. H. 1972. Geographical ecology. Harper & Rowe, New York, USA. 
MacArthur, R. H., J. M. Diamond, and J. R. Karr. 1972. Density compensation in island faunas. 
Ecology 53:330–342 
MacArthur R. W. and J. W. MacArthur. 1961. On bird species diversity. Ecology 42:594-598. 
Mack, R. N., D. Simberloff, W. M. Lonsdale, H. Evans, M. Clout, and F. A. Bazzaz. 2000. 




MacNally, R. C. 1990. The roles of floristics and physiognomy in avian community composition. 
Australian Journal of Ecology 15(3):321-327. 
McCain, C. M. 2009. Global analysis of bird elevational diversity. Global Ecology and 
Biogeography 18(3):346-360. 
Mountainspring, S. and J. M. Scott. 1985. Interspecific competition among Hawaiian forest 
birds. Ecological Monographs 55(2):219-239. 
Oksanen, J., F. G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P. R. Minchin, R. 
B. O'Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens, E. Szoecs, and H. Wagner. 2018. 
vegan: Community Ecology Package. R package version 2.5-3. https://CRAN.R-
project.org/package=vegan. 
Pattison, R. R., G. Goldstein, and A. Ares. 1998. Growth, biomass allocation and photosynthesis 
of invasive and native Hawaiian rainforest species. Oecologia 117(4):449-459.  
Paxton, E. H., R. J. Camp, P. M. Gorresen, L. H. Crampton, D. L. Leonard, and E. A. 
VanderWerf. 2016. Collapsing avian community on a Hawaiian island. Science Advances 
2(9):e1600029. 
Pyle, R. L. and P. Pyle. 2017. The Birds of the Hawaiian Islands: Occurrence, History, 
Distribution, and Status. Version 2. B.P. Bishop Museum, Honolulu, HI, U.S.A. 
Quintero, I. and W. Jetz. 2018. Global elevational diversity and diversification of birds. Nature 
555(7695):246. 
Rahbek, C. 1995. The elevational gradient of species richness: a uniform pattern? Ecography 
18(2):200-205. 
R Core Team. 2019. R: a language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. Available at http://www.R-project.org/. 
115 
 
Robel, R. J., J. N. Briggs, A. D. Dayton, and L. C. Hulbert. 1970. Relationships between visual 
obstruction measurements and weight of grassland vegetation. Journal of Range 
Management 23(4):295-297. 
Rodewald, A.D. and M. D. Abrams. 2002. Floristics and avian community structure: 
implications for regional changes in eastern forest composition. Forest Science 48(2):267-
272. 
Rotenberry, J. T. 1985. The role of habitat in avian community composition: physiognomy or 
floristics? Oecologia 67(2):213-217. 
Sax, D. F., J. J. Stachowicz, J. H. Brown, J. F. Bruno, M. N. Dawson, S. D. Gaines, R. K. 
Grosberg, A. Hastings, R. D. Holt, M. M. Mayfield, and M. I. O’Connor. 2007. Ecological 
and evolutionary insights from species invasions. Trends in Ecology and Evolution 
22(9):465-471. 
Scott, J. M., S. Mountainspring, F. L. Ramsey, and C. B. Kepler. 1986. Forest bird communities 
of the Hawaiian Islands: their dynamics, ecology, and conservation. Studies in avian 
biology 9:1-431. 
Skowno, A. L. and W. J. Bond. 2003. Bird community composition in an actively managed 
savanna reserve, importance of vegetation structure and vegetation composition. 
Biodiversity and Conservation 12(11):2279-2294. 
Sørensen, T. A. 1948. A method of establishing groups of equal amplitude in plant sociology 
based on similarity of species content, and its application to analyses of the vegetation on 
Danish commons. Kongelige Danske Videnskabernes Selskabs Biologiske Skrifter 5:1-34. 
116 
 
Spiegel, C. S., P. J. Hart, B. L. Woodworth, E. J. Tweed, and J. J. LeBrun. 2006. Distribution 
and abundance of forest birds in low-altitude habitat on Hawai'i Island: evidence for range 
expansion of native species. Bird Conservation International 16(2):175-185. 
Terborgh, J. 1971. Distribution on environmental gradients: theory and a preliminary 
interpretation of distributional patterns in the avifauna of the Cordillera Vilcabamba, Peru. 
Ecology 52(1):23-40. 
Terborgh, J. 1977. Bird species diversity on an Andean elevational gradient. Ecology 
58(5):1007-1019. 
Tischler, M., C. R. Dickman, and G. M. Wardle. 2013. Avian functional group responses to 
rainfall across four vegetation types in the Simpson Desert, central Australia. Austral 
Ecology 38(7):809-819. 
Traveset, A. and D. M. Richardson. 2006. Biological invasions as disruptors of plant 
reproductive mutualisms. Trends in Ecology and Evolution 21(4):208-216. 
USGS. 2015. USGS 10-m Digital Elevation Model (DEM): Hawaii: Oahu. United States 
Geological Survey. 
van Riper III, C. and J. M. Scott,. 2001. Limiting factors affecting Hawaiian native birds. Studies 
in Avian Biology 22:221-233. 
van Riper III, C., S. G. Van Riper, M. L. Goff, and M. Laird. 1986. The epizootiology and 
ecological significance of malaria in Hawaiian land birds. Ecological monographs 
56(4):327-344. 
Vitousek, P. M., L. L. Loope, and C. P. Stone. 1987. Introduced species in Hawaii. biological 




Vizentin-Bugoni, J., C. E. Tarwater, J. T. Foster, D. R. Drake, J.M. Gleditsch, A. M. Hruska, J. 
P. Kelley, and J. H. Sperry. 2019. Structure, spatial dynamics, and stability of novel seed 
dispersal mutualistic networks in Hawaiʻi. Science 364(6435):78-82. 
Wagner W. L., D. R. Herbst, and S. H. Sohmer. 1999. Manual of the Flowering Plants of 
Hawai‘i, Vols. 1 and 2. University of Hawai‘i Press and Bishop Museum Press. Honolulu, 
HI, USA. 
Walther, M., 2016. Extinct Birds of Hawaiʻi. Mutual Publishing, LLC. Honolulu, HI, USA. 
Wiens, J. A. 1989. The ecology of bird communities. Volumes 1 and 2. Cambridge University 
Press. Cambridge, UK. 
Wilcox, R. C. and C. E. Tarwater (in review) Multi-scale approach to evaluating variation in 
space use in invasive birds; implications for seed dispersal mismatches in a novel 




CHAPTER 5: CONCLUSION 
 My research focused on if and how the introduced frugivores on the Hawaiian island of 
Oʻahu have diverged from their native range with further investigation into the ecology and 
functioning of the novel bird community to better understand how rapid divergence may impact 
community functioning.  I found significant morphological divergence from their native range in 
all four of the primary seed dispersers on the Hawaiian island of Oʻahu (Chapter 2). The patterns 
and magnitude of divergence suggested that adaptive as well as non-adaptive processes worked 
in concert to create the current morphology of the four species studied. To understand how this 
divergence may influence their ecology and, ultimately, their ability to fulfil their role as seed 
dispersers, I investigated the ecomorphological relationships within the frugivore community and 
found significant relationships of foraging and movement behaviors with morphological traits 
(Chapter 3). However, when I attempted to connect the ecomorphological relationships to the 
habitat associations of the frugivores and structure of the avian communities on Oʻahu, I found 
that the combined effects of elevation and the proportion of non-native species in the plant 
community were the main drivers of the heterogeneity of the bird community and habitat 
associations (Chapter 4). In combination, these results show how, through its influence on the 
relationship between form and function, rapid morphological change may influence the non-
native bird species’ ability to fulfil their ecological role. 
The non-native frugivore community on Oʻahu had more robust bills than their native 
range suggesting a broadening of their ecological niche, which agrees with the general rule that 
species introduced to islands tend to become more generalized in their ecology (MacArthur et al. 
1972, Blondel et al. 1988, Clegg 2009). Deeper, wider bills are generally thought to represent a 
more generalized diet and may mean that these species may be able to include more fruit in their 
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diets. It was estimated that fruit made up only 10-30% of the diets (Wilman et al. 2014) of the 
four species that represented 96% of the seed dispersal events observed in the Oʻahu seed 
dispersal networks (Vizentin-Bugoni et al. 2019). However, seeds were found in 59.2-69.8% of 
fecal samples collected for these species (Vizentin-Bugoni et al. 2019). While it is difficult to get 
direct estimates of frugivory rates for these species from fecal samples, the commonness of seeds 
in their fecal samples suggests that they may be including more fruit in their diets on Oʻahu. 
However, these same species mainly dispersed non-native plants on Oʻahu suggesting that the 
inclusion of more fruit in their diet and the associated morphological shift may not result in the 
increased spread of native plant species. 
 Interestingly, the ecomorphological relationships I found mirrored those found in native 
dominated communities suggesting that ecological fitting may have been an important driver in 
the assembly of the frugivore community on Oʻahu. However, the fact that the four frugivorous 
species, and others in Hawaiʻi (Mathys and Lockwood 2011, Foster et al. 2018, Valentin et al. 
2018), exhibited rapid morphological change suggests that there may have been a mismatch 
between the species’ morphology and ecology during the introduction process. I hypothesize that 
at the time of founding only the species that had an ecology and associated morphology to fit 
into the available niche space on Oʻahu were successful at establishing (i.e. ecological fitting) as 
suggested by the negative relationship between establishment and dietary niche similarity during 
the introduction history of Oʻahu (see Chapter 3). Then, after their establishment, the niche of 
non-native bird species expanded, or possibly shifted, creating evolutionary pressures that caused 
the observed rapid morphological change potentially further strengthening the relationships 
between morphology and ecology. 
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 It may be expected that the ecomorphological relationships would drive habitat 
associations (e.g. bird species that fly often during foraging being associated with open habitats) 
and, therefore, spatial variation in bird community structure. Counter to this expectation, I did 
not observe a strong relationship between vegetation structure and community structure. Instead, 
I found that the combined effects of elevation and the proportion of non-native species in the 
plant community were the main drivers of bird abundance and spatial variation in community 
structure. Similar to this result, I also found an elevational gradient of bird community diversity 
with a low- to mid-elevation peak in both diversity and evenness (see Chapter 4). Particularly in 
this system, the influence of elevation on avian malaria is likely important as it restricts native 
bird species to high elevation forests across South Pacific islands (e.g. Atkinson et al. 2014, 
Niebuhr et al. 2016). Further, non-native species may be more common at lower elevations due 
their introduction points which in many cases were in urban areas almost exclusively found at 
lower elevations (Pyle and Pyle 2017). Still, I did find that the species (i.e. JAWE, RVBU, 
RWBU) with longer wings in relation to their tarsi (i.e. morphology related to flight) had 
negative associations with canopy cover (Figure 4.1, Appendix O) suggesting that species that 
rely more on flight (see Chapter 3) are found in more open habitats. This supports the conclusion 
that for certain species, ecomorphological relationships may influence their specific habitat 
associations. 
 Interestingly, the patterns of species diversity I observed on Oʻahu were similar to those 
found in many other regions of the world. Elevation has been shown to be the major factor 
influencing the diversity, and beta-diversity, in various regions and ecosystems. Low- and mid-
elevation peaks in diversity are equally common patterns when looking across studies and 
matches what I observed on Oʻahu. However, plant community structure and vegetation 
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physiognomy have also been shown to drive patterns of diversity. I observed the elevation was 
the strongest driver of species diversity and beta diversity, and plant community characteristics 
(both floristics and physiognomy) had little influence on the patterns of bird species diversity 
(Chapter 4). The fact that the communities on Oʻahu almost entirely novel and multiple species 
have exhibited significant morphological and genetic divergence, suggests that the biotic drivers 
of diversity may become more important as the species adapt to the novel habitats on Oʻahu.  
 The relationships I found between morphology and movement are also important since 
morphology related to bird movement showed significant divergence. Overall, species tended to 
shift in body traits that could reflect less reliance on flight for foraging and more utilization of 
hopping behavior through dense vegetation. Unfortunately, detailed data on their foraging 
behaviors in their native range is lacking so I cannot conclude that the frugivore species on 
Oʻahu have shifted towards a less reliance on flight during foraging. However, in Japan, RBLE 
have become established and utilized rapid flights between branches of the understory to catch 
prey more often than co-occurring species (Amano and Eguchi 2002), while on Oʻahu they were 
more likely to be observed hopping than the other focal species (Appendix K). In addition, on 
other islands it has been suggested that a lower abundance of aerial insects would cause bird 
species to shift their behaviors away from aerial foraging (Leisler and Winkler 2015). The 
morphological changes I recorded for these species may make foraging more efficient due to 
easier hopping and/or more vertical lift during take-off which are necessary when moving 
through dense vegetation used for gleaning behaviors (Saville 1957, Leisler and Winkler 1985). 
Being able to move more efficiently through the forest may increase the seed dispersal distances 
which could then increase plant recruitment by facilitating the escape from ecological enemies 
(Janzen, 1970; Connell, 1971) and promote gene flow between populations. 
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 The ways that the observed morphological change could influence the ability of the non-
native frugivores to disperse seeds depends significantly on the processes that led to the 
morphological change. It is likely that adaptive processes would lead to increased foraging 
efficiency as described above. However, if non-adaptive processes created the morphological 
divergence, then the impact it has on the effectiveness to fulfil ecological roles is hard to predict 
and could further decrease their ability to, for example, disperse seeds. For instance, if the 
difference in morphology from the native ranged occurred through a founder effect (i.e. the 
founder population characteristics shape the future characteristic through non-random sampling 
of the native population), it could create a mismatch between the species morphology and 
ecology. Additionally, if that founding population does not have enough variation in that trait, 
then the mismatch would persist (Diogo 2017) potentially constraining the foraging efficiency 
and ability of that species to fulfil their ecological role. 
 From my results, it is evident that the non-native frugivorous species on Oʻahu are 
morphologically diverging from their populations in their native range. As they continue to adapt 
to their new environment on Oʻahu their effectiveness as seed dispersers may increase through 
time potentially mitigating the loss of the native frugivores on the island. Rapid evolution is 
commonly seen in introduced species and can occur during any stage of the introduction process 
(Cox 2004). Since rapid evolution occurs within ecological timescales it can influence the 
interactions between species within a community and change the effects of a disturbance such as 
introduced species (Sax et al. 2007). Indeed, when species within an ecological network are able 
to evolve, the network tends to become more resilient to disturbance (Raimundo et al. 2018). For 
instance, the evolution of smaller seed size documented by Galetti and colleagues (2013) 
stabilized the forest community after the loss of large frugivores by increasing the dispersal of a 
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keystone palm. As we progress through the Anthropocene, ecological disturbances will become 
the new normal, and by understanding how the evolutionary response of the impacted species 
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APPENDIX A: FOCAL SPECIES INFORMATION 
 
Information about the focal species with sample sizes. The first four species were used in Chapter 2 and all of them were used in 
Chapter 3. 




  Years of  Number  Specimens   
Species Family Origin Introduction Introduced Native  O‘ahu Wild 
Leiothrix 
lutea 
Leiotrichidae RBLE L.l. lutea Southern China 1928–1936 ≥165 101 62 1482 




          
          
     
Pycnonotus 
cafer 
Pycnonotidae RVBU P.c. bengalensis India Mid 1960s Unknown 79 33 34 
          
     
          
Pycnonotus 
jocosus 
Pycnonotidae RWBU P.j. emeria Southeast Asia Mid 1960s Unknown 36 16 285 




          
          
     
Zosterops 
japonicus 
Zosteropidae JAWE Z.j. japonicus Japan 1929–1937 Unknown 44 94 1052 
          
          
Copsychus 
malabaricus 
Muscicapidae WRSH C.m. indicus India, Nepal 1938–1940 84 – – 275 
   C.m. suavis Borneo      




APPENDIX B: MORPHOLOGICAL MEASUREMENTS OF BIRDS 
 
Morphological measurements taken on birds, with illustrations and sample sizes for each species. 
      Sample Sizes 
Measurement  Correction 
Factor 
JAWE RBLE RVBU RWBU 
Tarsus 
 




       
Wing Chord 
 




       
Tail 
 




       
Total Culmen 
 




Nares to tip of 
Culmen 
 




       
Depth at Nares 
 




       
Width at Nares 
 






APPENDIX C: RANDOM SUBSAMPLING OF MULTIVARIATE AND UNIVARIATE 
ANALYSES OF MORPHOLOGICAL DIVERGENCE 
 
Results from random subsampling analysis to control for unequal sample sizes of measured 
individuals between native and non-native range.  Results are from 1000 iterations in 
MANCOVAs and ANOVAs with body size and range (Native or Non-native) explanatory 
variables. Shown are the original coefficients from the models with all individuals, the estimates 
averaged over 1,000 iterations of the subsampling, the upper (UCL) and lower (LCL) confidence 
levels corresponding to the 97.5 and 2.5 percentiles respectively, and the percent of the iterations 
that returned a significant result (α = 0.00714). Estimates for the MANCOVAs are Pillai’s Trace 
statistics. The bolded values are the variables that had estimates significantly different from zero 
in the original models. See text and Appendix A for species abbreviations. 
Species Analysis Variable 
Original 
Coefficient LCL Estimate UCL 
Percent 
Significant 
JAWE MANCOVA Size 0.696 0.572 0.754 0.853 100 
  Range 0.244 0.347 0.511 0.682 99.9 
 
ANCOVA-Wing Size -1.511 -2.056 -1.576 -0.953 100 
  Range -1.245 -1.650 -1.240 -0.857 97.4 
 
ANCOVA-Tail Size -1.678 -2.249 -1.608 -1.184 100 
  Range 1.189 0.822 1.176 1.542 96.4 
 
ANCOVA-Tarsus Size -0.067 -0.211 -0.103 -0.013 1.5 
  Range -0.488 -0.686 -0.498 -0.321 85.4 
 
ANCOVA-Culmen Size 0.105 -0.161 0.041 0.256 2.1 
  Range -0.861 -1.267 -0.858 -0.465 84.8 
 
ANCOVA-Nares.tip Size -0.096 -0.174 -0.098 -0.029 13.8 
  Range 0.032 -0.100 0.030 0.167 0.1 
 
ANCOVA-Depth Size -0.047 -0.119 -0.068 -0.015 2.9 
  Range 0.127 0.043 0.129 0.227 2.0 
 
ANCOVA-Width Size -0.012 -0.042 0.017 0.073 0.0 





Appendix C (continued): 
Species Analysis Variable 
Original 
Coefficient LCL Estimate UCL 
Percent 
Significant 
RBLE MANCOVA Size 0.761 0.734 0.767 0.800 100 
  
Range 0.671 0.697 0.731 0.761 100 
 ANCOVA-Wing Size 2.039 1.946 2.044 2.145 100 
  
Range -1.400 -1.586 -1.394 -1.209 100 
 ANCOVA-Tail Size 2.069 1.951 2.053 2.160 100 
  
Range 1.313 1.089 1.301 1.509 100 
 ANCOVA-Tarsus Size 0.122 0.065 0.130 0.193 100 
  
Range -1.533 -1.671 -1.526 -1.369 100 
 ANCOVA-Culmen Size 0.150 0.086 0.160 0.237 97.7 
  
Range -0.357 -0.517 -0.347 -0.189 36.2 
 ANCOVA-Nares.Tip Size 0.160 0.131 0.168 0.207 1.8 
  
Range 0.656 0.580 0.662 0.757 100 
 ANCOVA-Depth Size 0.044 0.019 0.047 0.075 0.0 
  
Range 0.363 0.306 0.367 0.427 100 
 ANCOVA-Width Size 0.058 0.045 0.072 0.099 34.7 
  
Range 0.653 0.613 0.665 0.720 100 
RWBU MANCOVA Size 0.906 0.885 0.918 0.951 100 
  
Range 0.559 0.508 0.614 0.733 100 
 ANCOVA-Wing Size -2.092 -2.212 -2.032 -1.847 100 
  
Range -1.968 -2.436 -2.035 -1.643 99.9 
 ANCOVA-Tail Size -3.586 -3.754 -3.630 -3.509 100 
  
Range 1.464 1.231 1.504 1.773 100 
 ANCOVA-Tarsus Size -0.156 -0.260 -0.183 -0.120 89.1 
  
Range -0.327 -0.499 -0.297 -0.078 1.4 
 ANCOVA-Culmen Size -0.105 -0.249 -0.141 -0.041 92.8 
  
Range -1.382 -1.605 -1.342 -1.046 100 
 ANCOVA-Nares.Tip Size -0.025 -0.069 -0.033 0.004 0.0 
  
Range -0.113 -0.230 -0.103 0.015 0.1 
 ANCOVA-Depth Size -0.045 -0.054 -0.037 -0.018 0.0 
  
Range 0.237 0.165 0.229 0.291 87.5 
 ANCOVA-Width Size 0.053 0.022 0.047 0.072 0.4 
    Range 0.029 -0.043 0.038 0.118 0.0 
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APPENDIX D: MORPHOLOGICAL PCAS OF FOCAL SPECIES 
Scatterplot showing the results of the morphology principal components analysis with the 
loading of the different measurements for (A) red-billed leiothrix, (B) Japanese white-eye, (C) 
red-vented bulbul, and (D) red-whiskered bulbul. Red dots are individuals from the native range 




APPENDIX E: MEAN MORPHOLOGICAL TRAIT VALUES FOR NATIVE AND NON-NATIVE  
POPULATIONS OF FOCAL SPECIES 
 
The observed means and standard error for each measurement of each species’ native and introduced populations. Bolded values 
represent means that are significantly different at the α = 0.00714 level (Bonferroni correction for multiple comparisons) in an 
ANCOVA with body size as a covariate. See text and Appendix A for species abbreviations. 
Species Range Tarsus Tail Wing Culmen Nares to Tip Width Depth 
JAWE Native 17.62 ±0.09 39.8 ±0.3 58.58 ±0.26 14.61 ±0.08 7.5 ±0.05 4.05 ±0.06 3.54 ±0.07 
 Introduced 17.03 ±0.07 40.13 ±0.24 56.95 ±0.3 14.25 ±0.14 7.39 ±0.06 4.16 ±0.04 3.39 ±0.03 
         
         
RBLE Native 25.07 ±0.06 55.08 ±0.28 68.97 ±0.21 14.21 ±0.06 7.13 ±0.04 4.49 ±0.02 4.63 ±0.03 
 Introduced 23.42 ±0.13 53.67 ±0.27 65.86 ±0.32 14.11 ±0.16 7.52 ±0.07 5.07 ±0.05 4.87 ±0.04 
         
         
RVBU Native 24.11 ±0.13 90.68 ±0.65 97.75 ±0.54 20.2 ±0.16 10.53 ±0.09 6.13 ±0.05 5.54 ±0.04 
 Introduced 23.49 ±0.2 90.55 ±0.56 96.45 ±0.69 20.11 ±0.25 10.44 ±0.13 6.41 ±0.07 5.73 ±0.07 
         
         
RWBU Native 20.29 ±0.11 79.35 ±0.75 82.31 ±0.46 17.57 ±0.12 8.88 ±0.07 5.47 ±0.05 4.78 ±0.04 




APPENDIX F: TESTS OF MEASUREMENT ERROR FOR MORPHOLOGY 
OF LIVE BIRDS 
 
Results from paired t-tests between initial measurements on individuals and re-measurements to 
determine the measurement error. Tests were conducted on all species pooled together. Bolded 




t DF P-value 
Wing -0.04 -0.29, 0.22 -0.27 457 0.786 
      
Tail -0.49 -0.85, -0.13 -2.65 452 0.008 
      
Tarsus -0.02 -0.09, 0.05 -0.52 446 0.601 
      
Culmen -0.33 -0.51, -0.16 -3.77 183 <0.001 
      
Nares to Tip -0.02 -0.11, 0.07 -0.39 185 0.699 
      
Depth 0.04 -0.01, 0.10 1.59 186 0.113 
      




APPENDIX G: DIET RESOURCE DISTRIBUTION DATA OBTAINED FROM 
ELTONTRAITS 1.0 
 
The diet resource distribution for each species listed in Pyle and Pyle (2017) as resident, extinct, 
or introduced but failed to establish. Shown are the estimated proportion of diet that each 
resource type comprises (in percent). Invertebrate and vertebrate resource types are abbreviated 
Invert. and Vert., respectively. Estimates taken from Wilman et al. (2014).  
Species Invert. Vert. Scavenge Fruit Nectar Seed Plant 
Acridotheres tristis 40 30 0 10 10 10 0 
Aerodramus bartschi 100 0 0 0 0 0 0 
Agapornis personatus 0 0 0 0 0 100 0 
Agapornis roseicollis 0 0 0 0 0 70 30 
Akialoa ellisiana NA 0 NA NA NA NA NA 
Alauda arvensis 40 0 0 0 0 40 20 
Amandava amandava 20 0 0 0 0 80 0 
Amazona aestiva 0 0 0 50 0 50 0 
Amazona albifrons 0 0 0 20 0 50 30 
Amazona autumnalis 0 0 0 100 0 0 0 
Amazona oratrix 0 0 0 40 0 30 30 
Amazona viridigenalis 0 0 0 30 0 30 40 
Ara ararauna 0 0 0 30 10 30 30 
Ara macao 0 0 0 20 20 30 30 
Aratinga jandaya 0 0 0 80 0 20 0 
Aratinga nenday 0 0 0 30 0 30 40 
Asio flammeus 0 100 0 0 0 0 0 
Brotogeris jugularis 0 0 0 30 20 30 20 
Buteogallus meridionalis 20 80 0 0 0 0 0 
Cacatua alba 10 0 0 0 0 90 0 
Cacatua galerita 0 0 0 40 0 40 20 
Cacatua goffiniana 10 0 0 20 0 60 10 
Cacatua moluccensis 0 0 0 50 0 50 0 
Cacatua sulphurea 0 0 0 50 0 50 0 
Cardinalis cardinalis 20 0 0 10 0 0 70 
Carpodacus mexicanus 10 0 0 30 0 30 30 
Cettia diphone 100 0 0 0 0 0 0 
Chalcophaps indica 20 0 0 40 0 40 0 
Chasiempis ibidis 100 0 0 0 0 0 0 
Chlorodrepanis flavus 30 0 0 30 40 0 0 
Chrysolophus amherstiae 40 0 0 10 0 0 50 
Chrysolophus pictus 10 0 0 0 0 0 90 
Colinus virginianus 0 0 0 0 0 70 30 
Columba livia 10 0 0 0 0 60 30 
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APPENDIX G (continued):  
Species Invert. Vert. Scavenge Fruit Nectar Seed Plant 
Copsychus malabaricus 70 0 0 30 0 0 0 
Copsychus saularis 70 10 0 10 10 0 0 
Coturnix chinensis 30 0 0 0 0 40 30 
Coturnix japonica 30 0 0 0 0 0 70 
Cyanoptila cyanomelana 90 0 0 10 0 0 0 
Cyanoramphus novaezelandiae 10 0 0 30 0 30 30 
Drepanis coccinea 20 0 0 0 80 0 0 
Eclectus roratus 0 0 0 40 0 30 30 
Erithacus akahige 40 20 10 20 0 10 0 
Erithacus komadori 40 20 10 20 0 10 0 
Estrilda astrild 0 0 0 0 0 100 0 
Estrilda caerulescens 0 0 0 0 0 100 0 
Estrilda melpoda 40 0 0 0 0 60 0 
Euodice cantans 10 0 0 0 0 90 0 
Euplectis afer 20 0 0 0 0 80 0 
Euplectis franciscanus 20 0 0 0 0 80 0 
Euplectis orix 50 0 0 0 0 50 0 
Eupsittula canicularis 0 0 0 50 0 50 0 
Ficedula narcissina 80 0 0 20 0 0 0 
Francolinus erckelii 30 0 0 0 0 0 70 
Francolinus francolinus 10 0 0 0 20 20 50 
Francolinus pondicerianus 10 0 0 20 0 30 40 
Gallus gallus 30 0 0 20 0 20 30 
Garrulax canorus 70 0 0 10 0 10 10 
Garrulax chinensis 70 0 0 0 0 10 20 
Garrulax leucolophus 60 10 0 10 10 10 0 
Geopelia cuneata 10 0 0 0 0 70 20 
Geopelia humeralis 0 0 0 0 0 40 60 
Geopelia placida 20 0 0 0 0 80 0 
Geopelia striata 20 0 0 0 0 80 0 
Gracula religiosa 20 10 0 60 10 0 0 
Gracupica nigricollis 70 0 0 0 0 30 0 
Grallina cyanoleuca 70 20 0 0 10 0 0 
Gubernatrix cristata 0 0 0 0 0 100 0 
Hemignathus lucidus 100 0 0 0 0 0 0 
Himatione sanguinea 20 0 0 0 80 0 0 
Lagonosticta rubricata 20 0 0 0 0 80 0 
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APPENDIX G (continued):  
Species Invert. Vert. Scavenge Fruit Nectar Seed Plant 
Leiothrix lutea 80 0 0 10 0 10 0 
Leucopsar rothschildi 30 0 0 70 0 0 0 
Lonchura atricapilla 0 0 0 0 0 100 0 
Lonchura malacca 0 0 0 0 0 100 0 
Lonchura oryzivora 10 0 0 0 0 90 0 
Lonchura punctulata 10 0 0 20 0 50 20 
Lophura leucomelanos 30 10 0 30 0 30 0 
Lophura nycthemera 30 0 0 30 0 40 0 
Loxops wolstenholmei NA 0 NA NA NA NA NA 
Meleagris gallopavo 20 0 0 20 0 20 40 
Melopsittacus undulatus 0 0 0 0 0 100 0 
Mimus polyglottos 50 0 0 50 0 0 0 
Moho apicalis NA 0 NA NA NA NA NA 
Myadestes woahensis NA 0 NA NA NA NA NA 
Myiopsitta monachus 10 0 0 30 0 30 30 
Nectariniidae sp. 65 0 0 20 10 5 0 
Numida meleagris 30 0 0 10 0 20 40 
Nymphicus hollandicus 0 0 0 0 0 100 0 
Ocyphaps lophotes 10 0 0 0 0 50 40 
Oreortyx pictus 0 0 0 20 0 40 40 
Oriolus chinensis 20 20 0 60 0 0 0 
Oriolus xanthornus 20 0 0 70 10 0 0 
Paroaria coronata 60 0 0 20 0 0 20 
Paroaria dominicana 60 0 0 20 0 0 20 
Paroaria gularis 60 0 0 20 0 0 20 
Paroreomyza maculata 80 0 0 0 20 0 0 
Parus varius 70 0 0 10 0 20 0 
Passer domesticus 10 0 0 0 0 60 30 
Passerina ciris 0 0 0 0 0 100 0 
Passerina cyanea 0 0 0 0 0 100 0 
Passerina leclancherii 30 0 0 0 0 70 0 
Pavo cristatus 30 10 0 0 0 40 20 
Perdix perdix 30 0 0 0 0 30 40 
Phaps chalcoptera 10 0 0 0 0 70 20 
Phasianus colchicus 10 0 0 30 0 30 30 
Ploceus philippinus 20 10 0 0 0 70 0 
Poicephalus senegalus 0 0 0 40 0 30 30 
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APPENDIX G (continued):  
Species Invert. Vert. Scavenge Fruit Nectar Seed Plant 
Probosciger aterrimus 0 0 0 40 0 30 30 
Psittacula cyanocephala 0 0 0 80 0 20 0 
Psittacula krameri 0 0 0 50 10 20 20 
Psitticara acuticaudata 0 0 0 50 0 50 0 
Psitticara erythrogenys 0 0 0 60 0 0 40 
Psittirostra psittacea 20 0 0 70 0 0 10 
Pycnonotus cafer 20 10 0 20 20 10 20 
Pycnonotus jocosus 20 0 0 20 20 20 20 
Rhipidura leucophrys 70 20 0 0 0 10 0 
Rollulus rouloul 40 0 0 30 0 30 0 
Serinus leucopygius 0 0 0 0 0 80 20 
Serinus mozambicus 10 0 0 0 0 50 40 
Sicalis flaveola 0 0 0 0 0 100 0 
Spilopelia chinensis 0 0 0 0 0 100 0 
Stagonopleura guttata 20 0 0 0 0 80 0 
Streptopelia decaocto 10 0 0 30 0 40 20 
Streptopelia roseogrisea 10 0 0 0 0 70 20 
Syrmaticus reevesii 10 0 0 0 0 40 50 
Syrmaticus soemmerringii 50 0 0 0 0 50 0 
Taeniopygia guttata 0 0 0 0 0 100 0 
Tiaris olivaceus 0 0 0 0 0 90 10 
Tympanuchus cupido 20 0 0 10 0 50 20 
Tyto alba 10 90 0 0 0 0 0 
Uraeginthus angolensis 30 0 0 0 0 70 0 
Uraeginthus cyanocephalus 20 0 0 0 0 80 0 
Urocissa erythroryncha 40 40 10 10 0 0 0 
Vidua chalybeata 20 10 0 0 0 70 0 
Vidua macroura 20 0 0 0 0 80 0 
Zenaida macroura 0 0 0 0 0 90 10 




APPENDIX H: FORAGING STRATA USE DISTRIBUTION DATA OBTAINED FROM 
ELTONTRAITS 1.0 
 
The foraging strata use distribution for each species listed in Pyle and Pyle (2017) as resident, 
extinct, or introduced but failed to establish. Shown are the estimated proportion of foraging time 
that four forest strata are used (in percent). Estimates taken from Wilman et al. (2014). 
Species Ground Understory Midstory Canopy Aerial 
Acridotheres tristis 70 20 10 0 0 
Aerodramus bartschi 0 0 0 20 80 
Agapornis personatus 60 40 0 0 0 
Agapornis roseicollis 50 50 0 0 0 
Akialoa ellisiana NA NA NA NA NA 
Alauda arvensis 100 0 0 0 0 
Amandava amandava 50 50 0 0 0 
Amazona aestiva 0 30 40 30 0 
Amazona albifrons 0 50 50 0 0 
Amazona autumnalis 0 20 40 40 0 
Amazona oratrix 33 33 33 0 0 
Amazona viridigenalis 20 20 40 20 0 
Ara ararauna 0 0 60 40 0 
Ara macao 0 0 60 40 0 
Aratinga jandaya 0 33 33 33 0 
Aratinga nenday 100 0 0 0 0 
Asio flammeus 90 0 10 0 0 
Brotogeris jugularis 0 0 60 40 0 
Buteogallus meridionalis 100 0 0 0 0 
Cacatua alba 10 10 40 40 0 
Cacatua galerita 40 10 30 20 0 
Cacatua goffiniana 50 50 0 0 0 
Cacatua moluccensis 20 30 30 20 0 
Cacatua sulphurea 0 0 60 40 0 
Cardinalis cardinalis 40 20 20 20 0 
Carpodacus mexicanus 33 33 33 0 0 
Cettia diphone 50 50 0 0 0 
Chalcophaps indica 70 10 10 10 0 
Chasiempis ibidis 20 20 60 0 0 
Chlorodrepanis flavus 10 40 50 0 0 
Chrysolophus amherstiae 100 0 0 0 0 
Chrysolophus pictus 100 0 0 0 0 
Colinus virginianus 100 0 0 0 0 




APPENDIX H (continued):  
Species Ground Understory Midstory Canopy Aerial 
Copsychus malabaricus 60 40 0 0 0 
Copsychus saularis 80 20 0 0 0 
Coturnix chinensis 100 0 0 0 0 
Coturnix japonica 100 0 0 0 0 
Cyanoptila cyanomelana 0 20 40 40 0 
Cyanoramphus novaezelandiae 20 40 40 0 0 
Drepanis coccinea 100 0 0 0 0 
Eclectus roratus 0 40 40 20 0 
Erithacus akahige 50 50 0 0 0 
Erithacus komadori 100 0 0 0 0 
Estrilda astrild 50 50 0 0 0 
Estrilda caerulescens 33 33 33 0 0 
Estrilda melpoda 50 50 0 0 0 
Euodice cantans 80 20 0 0 0 
Euplectis afer 80 20 0 0 0 
Euplectis franciscanus 0 20 80 0 0 
Euplectis orix 0 0 20 80 0 
Eupsittula canicularis 0 50 50 0 0 
Ficedula narcissina 0 33 33 33 0 
Francolinus erckelii 60 40 0 0 0 
Francolinus francolinus 100 0 0 0 0 
Francolinus pondicerianus 100 0 0 0 0 
Gallus gallus 100 0 0 0 0 
Garrulax canorus 100 0 0 0 0 
Garrulax chinensis 0 50 50 0 0 
Garrulax leucolophus 100 0 0 0 0 
Geopelia cuneata 100 0 0 0 0 
Geopelia humeralis 100 0 0 0 0 
Geopelia placida 100 0 0 0 0 
Geopelia striata 100 0 0 0 0 
Gracula religiosa 0 30 40 30 0 
Gracupica nigricollis 80 20 0 0 0 
Grallina cyanoleuca 0 100 0 0 0 
Gubernatrix cristata 60 30 10 0 0 
Hemignathus lucidus 0 50 50 0 0 
Himatione sanguinea 100 0 0 0 0 
Lagonosticta rubricata 100 0 0 0 0 
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APPENDIX H (continued):  
Species Ground Understory Midstory Canopy Aerial 
Leiothrix lutea 40 40 20 0 0 
Leucopsar rothschildi 20 40 40 0 0 
Lonchura atricapilla 60 40 0 0 0 
Lonchura malacca 100 0 0 0 0 
Lonchura oryzivora 50 50 0 0 0 
Lonchura punctulata 50 50 0 0 0 
Lophura leucomelanos 100 0 0 0 0 
Lophura nycthemera 100 0 0 0 0 
Loxops wolstenholmei NA NA NA NA NA 
Meleagris gallopavo 90 10 0 0 0 
Melopsittacus undulatus 60 40 0 0 0 
Mimus polyglottos 70 30 0 0 0 
Moho apicalis NA NA NA NA NA 
Myadestes woahensis NA NA NA NA NA 
Myiopsitta monachus 20 20 40 20 0 
Nectariniidae sp. 0 35 40 25 0 
Numida meleagris 100 0 0 0 0 
Nymphicus hollandicus 60 40 0 0 0 
Ocyphaps lophotes 100 0 0 0 0 
Oreortyx pictus 80 20 0 0 0 
Oriolus chinensis 20 10 30 40 0 
Oriolus xanthornus 20 10 30 40 0 
Paroaria coronata 20 80 0 0 0 
Paroaria dominicana 20 80 0 0 0 
Paroaria gularis 30 60 10 0 0 
Paroreomyza maculata 0 30 60 10 0 
Parus varius 0 0 40 60 0 
Passer domesticus 50 50 0 0 0 
Passerina ciris 50 50 0 0 0 
Passerina cyanea 40 40 20 0 0 
Passerina leclancherii 40 60 0 0 0 
Pavo cristatus 100 0 0 0 0 
Perdix perdix 100 0 0 0 0 
Phaps chalcoptera 60 40 0 0 0 
Phasianus colchicus 100 0 0 0 0 
Ploceus philippinus 40 10 10 30 10 
Poicephalus senegalus 20 20 40 20 0 
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APPENDIX H (continued): 
Species Ground Understory Midstory Canopy Aerial 
Probosciger aterrimus 10 10 40 40 0 
Psittacula cyanocephala 33 33 33 0 0 
Psittacula krameri 30 30 30 10 0 
Psitticara acuticaudata 0 33 33 33 0 
Psitticara erythrogenys 50 50 0 0 0 
Psittirostra psittacea 0 20 30 50 0 
Pycnonotus cafer 20 30 30 0 20 
Pycnonotus jocosus 20 40 40 0 0 
Rhipidura leucophrys 0 0 50 30 20 
Rollulus rouloul 100 0 0 0 0 
Serinus leucopygius 80 20 0 0 0 
Serinus mozambicus 50 0 50 0 0 
Sicalis flaveola 40 60 0 0 0 
Spilopelia chinensis 100 0 0 0 0 
Stagonopleura guttata 80 20 0 0 0 
Streptopelia decaocto 80 10 10 0 0 
Streptopelia roseogrisea 100 0 0 0 0 
Syrmaticus reevesii 100 0 0 0 0 
Syrmaticus soemmerringii 100 0 0 0 0 
Taeniopygia guttata 0 0 20 80 0 
Tiaris olivaceus 90 10 0 0 0 
Tympanuchus cupido 100 0 0 0 0 
Tyto alba 90 10 0 0 0 
Uraeginthus angolensis 100 0 0 0 0 
Uraeginthus cyanocephalus 100 0 0 0 0 
Urocissa erythroryncha 30 20 50 0 0 
Vidua chalybeata 0 0 90 10 0 
Vidua macroura 100 0 0 0 0 
Zenaida macroura 60 40 0 0 0 




APPENDIX I: TERRESTRIAL BIRD INTRODUCTION HISTORY DATA FOR OʻAHU, HAWAIʻI 
 
Introduction history data for each bird reported as resident, extinct, or introduced but failed to establish by Pyle and Pyle (2017). 
Status was taken from Pyle and Pyle (2017) where N = native, X = extinct/extirpated native, I = established introduced, and IE = 
extirpated introduced species. The year of introduction and last year the species was recorded was taken from Pyle and Pyle (2017), 
Moulton and Pimm (1983), Moulton (1985), Simberloff and Boecklen (1991), Moulton (1993), and eBird (Sullivan et al. 2009). 
Whether or not the species was introduced via escaping (E), intentionally released (R), or both (B) is also shown. The number of years 
the bird was introduced is also reported with species where the data was not given having a number of years value = 1. 









Accipitridae Buteogallus meridionalis IE 1 1973 1973 E 1 
Alaudidae Alauda arvensis I 58 1865 2018 R 3 
Apodidae Aerodramus bartschi I 385 1962 2018 R 2 
Cacatuidae Cacatua alba IE 4 1987 2018 E 1 
Cacatuidae Cacatua galerita IE 11 1980 2018 E 4 
Cacatuidae Cacatua goffiniana IE 30 1987 2018 E 1 
Cacatuidae Cacatua moluccensis IE 11 1972 2018 E 38 
Cacatuidae Cacatua sulphurea IE 2 1982 1983 E 1 
Cacatuidae Nymphicus hollandicus IE 9 1979 2016 E 9 
Cacatuidae Probosciger aterrimus IE 1 1983 1983 E 1 
Cardinalidae Cardinalis cardinalis I 2 1929 2018 B 3 
Cardinalidae Passerina ciris IE NA 1937 1937 R 1 
Cardinalidae Passerina cyanea IE NA 1934 1936 R 3 
Cardinalidae Passerina leclancherii IE 850 1941 1959 R 10 
Cettiidae Cettia diphone I 138 1929 2018 R 12 
Columbidae Chalcophaps indica IE 2 1924 1928 R 1 
Columbidae Columba livia I NA 1788 2018 E 2 
Columbidae Geopelia cuneata IE 2 1928 1931 R 1 
Columbidae Geopelia humeralis IE NA 1920 1938 R 1 
Columbidae Geopelia placida IE NA 1922 1937 R 1 
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Columbidae Ocyphaps lophotes IE 2 1922 1927 R 1 
Columbidae Phaps chalcoptera IE 2 1922 1927 R 1 
Columbidae Spilopelia chinensis I NA 1855 2018 B 6 
Columbidae Streptopelia decaocto IE 464 1924 1944 R 6 
Columbidae Streptopelia roseogrisea IE 7 1974 1989 E 1 
Columbidae Zenaida macroura I 2 2002 2018 R 1 
Corvidae Urocissa erythroryncha IE 3 1967 1970 E 1 
Estrilidae Amandava amandava I NA 1900 2018 E 1 
Estrilidae Estrilda astrild I 25 1973 2018 E 1 
Estrilidae Estrilda caerulescens IE NA 1965 2018 E 1 
Estrilidae Estrilda melpoda IE 8 1965 2018 E 1 
Estrilidae Euodice cantans I NA 1984 2018 E 1 
Estrilidae Lagonosticta rubricata IE 61 1965 1970 E 1 
Estrilidae Lonchura atricapilla I 25 1959 2018 E 1 
Estrilidae Lonchura malacca IE NA 1967 1977 E 1 
Estrilidae Lonchura oryzivora I 13 1964 2018 E 11 
Estrilidae Lonchura punctulata I NA 1866 2018 R 1 
Estrilidae Stagonopleura guttata IE 26 1966 1966 E 1 
Estrilidae Taeniopygia guttata IE NA 2002 2002 E 1 
Estrilidae Uraeginthus angolensis IE 12 1969 1977 E 1 
Estrilidae Uraeginthus cyanocephalus IE 12 1969 1975 E NA 
Fringillidae Akialoa ellisiana X NA NA 1892 NA NA 
Fringillidae Carpodacus mexicanus I NA 1859 2018 R 1 
Fringillidae Chlorodrepanis flavus N NA NA 2018 NA NA 
Fringillidae Drepanis coccinea N NA NA 2013 NA NA 
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Fringillidae Hemignathus lucidus X NA NA 1860 NA NA 
Fringillidae Himatione sanguinea N NA NA 2018 NA NA 
Fringillidae Loxops wolstenholmei X NA NA 1901 NA NA 
Fringillidae Paroreomyza maculata X NA NA 1968 NA NA 
Fringillidae Psittirostra psittacea X NA NA 1893 NA NA 
Fringillidae Serinus leucopygius IE 12 1965 1976 E 1 
Fringillidae Serinus mozambicus I NA 1964 2018 B 1 
Leiothrichidae Garrulax canorus I NA 1900 2018 B 2 
Leiothrichidae Garrulax chinensis IE 5 1928 1928 R 1 
Leiothrichidae Garrulax leucolophus IE 6 1969 1973 E 3 
Leiothrichidae Leiothrix lutea I 230 1928 2018 R 1 
Mimidae Mimus polyglottos I 84 1928 2018 R 6 
Mohoidae Moho apicalis X NA NA 1837 NA NA 
Monarchidae Chasiempis ibidis N NA NA 2018 NA NA 
Monarchidae Grallina cyanoleuca IE 20 1924 1936 R 1 
Muscicapidae Copsychus malabaricus I 84 1938 2018 R 3 
Muscicapidae Copsychus saularis IE 16 1932 1976 R 9 
Muscicapidae Cyanoptila cyanomelana IE NA 1929 1958 R 11 
Muscicapidae Erithacus akahige IE NA 1929 1944 R 3 
Muscicapidae Erithacus komadori IE NA 1931 1936 R 1 
Muscicapidae Ficedula narcissina IE NA 1929 1929 E 1 
Nectariniidae Nectariniidae sp. IE 28 1938 1939 R 2 
Numididae Numida meleagris IE 25256 1900 2015 R 11 
Odontophoridae Oreortyx pictus IE 28 1929 1931 R 2 
Oriolidae Oriolus chinensis IE NA 2000 2000 E 1 
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Oriolidae Oriolus xanthornus IE 2 2000 2000 E 1 
Paridae Parus varius IE NA 1929 1968 E 3 
Passeridae Passer domesticus I 9 1871 2018 R 1 
Phasianidae Chrysolophus amherstiae IE 49 1931 1932 R 1 
Phasianidae Chrysolophus pictus IE NA 1866 1866 R 2 
Phasianidae Colinus virginianus IE 48 1962 1962 R 1 
Phasianidae Coturnix chinensis IE NA 1910 1944 R 1 
Phasianidae Coturnix japonica IE 40 1866 1986 R 2 
Phasianidae Francolinus erckelii I 100 1957 2018 R 10 
Phasianidae Francolinus francolinus I NA 1994 2018 R 1 
Phasianidae Francolinus pondicerianus I NA 1980 2018 R 1 
Phasianidae Gallus gallus I 40 500 2018 R 125 
Phasianidae Lophura leucomelanos I NA 1987 2018 E 1 
Phasianidae Lophura nycthemera IE NA 1866 1995 R 3 
Phasianidae Meleagris gallopavo I NA 1788 2018 B 150 
Phasianidae Pavo cristatus I NA 1860 2018 R 1 
Phasianidae Perdix perdix IE 1011 1929 1933 R 4 
Phasianidae Phasianus colchicus I 10000 1866 2018 R 2 
Phasianidae Rollulus rouloul IE 2 1924 1924 R 1 
Phasianidae Syrmaticus reevesii IE 217 1959 1968 R 2 
Phasianidae Syrmaticus soemmerringii IE NA 1907 1914 R 2 
Phasianidae Tympanuchus cupido IE 12 1895 1895 R 1 
Ploceidae Euplectis afer IE 3 1965 1986 E 1 
Ploceidae Euplectis franciscanus IE NA 1965 2011 E 9 
Ploceidae Euplectis orix IE NA 1964 1994 E 1 
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Ploceidae Ploceus philippinus IE NA 1965 1965 E 1 
Psittacidae Agapornis personatus IE 2 1981 1984 E 1 
Psittacidae Agapornis roseicollis IE NA 1973 2016 E 29 
Psittacidae Amazona aestiva IE 2 1988 2004 E 1 
Psittacidae Amazona albifrons IE 5 1984 1985 E 2 
Psittacidae Amazona autumnalis IE 2 1980 1987 E 2 
Psittacidae Amazona oratrix IE 12 1969 2000 E 7 
Psittacidae Amazona viridigenalis I 3 1969 2018 E 1 
Psittacidae Ara ararauna IE 1 2005 2017 E 2 
Psittacidae Ara macao IE 2 1933 2012 E 1 
Psittacidae Aratinga jandaya IE 1 1974 1974 E 1 
Psittacidae Aratinga nenday IE 7 1971 1987 E 1 
Psittacidae Brotogeris jugularis IE NA 1933 1933 E 1 
Psittacidae Cyanoramphus novaezelandiae IE 1 1990 1990 E 1 
Psittacidae Eclectus roratus IE 2 1972 2016 E 1 
Psittacidae Eupsittula canicularis IE 2 1984 1985 E 2 
Psittacidae Melopsittacus undulatus IE NA 1933 2010 E 8 
Psittacidae Myiopsitta monachus IE 11 1970 1977 E 1 
Psittacidae Poicephalus senegalus IE 6 1984 1995 E 4 
Psittacidae Psittacula cyanocephala IE 1 1992 1992 E 1 
Psittacidae Psitticara acuticaudata IE 16 1986 2018 E 1 
Psittacidae Psitticara erythrogenys I NA 1987 2018 E 1 
Psittaculidae Psittacula krameri I NA 1930 2018 E 1 
Pycnonotidae Pycnonotus cafer I NA 1965 2018 B 1 
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Rhipiduridae Rhipidura leucophrys IE 14 1926 1937 R 2 
Strigidae Asio flammeus N NA NA 2018 NA NA 
Sturnidae Acridotheres tristis I NA 1866 2018 R 1 
Sturnidae Gracula religiosa IE 25 1960 2009 E 6 
Sturnidae Gracupica nigricollis IE 1 1969 1969 E 1 
Sturnidae Leucopsar rothschildi IE 1 1975 1979 E 1 
Thraupidae Gubernatrix cristata IE NA 1965 1969 E 2 
Thraupidae Paroaria coronata I NA 1928 2018 R 4 
Thraupidae Paroaria dominicana IE NA 1931 1932 R 1 
Thraupidae Paroaria gularis IE 2 1965 1965 E 1 
Thraupidae Sicalis flaveola I NA 1965 2018 R 1 
Thraupidae Tiaris olivaceus I NA 1974 2018 E 1 
Turdidae Myadestes woahensis X NA NA 1825 NA NA 
Tytonidae Tyto alba I NA 1958 2018 E 6 
Viduidae Vidua chalybeata IE 1 1969 1969 E 1 
Viduidae Vidua macroura IE 18 1962 1981 E 1 




APPENDIX J: AVERAGE MORPHOLOGICAL MEASUREMENTS FOR EACH SPECIES  
CAUGHT DURING MIST NETTING 
 
The average morphological measurements for the 17 species caught during mist netting from 2014 through 2017. The wing 
measurement was wing chord and the culmen measurement was taken from the joint of the culmen and cranium to the tip the culmen. 
The nares to culmen tip measurement was taken from the distal edge of nares to the tip of the culmen. Bill width and depth were taken 
at the proximal edge of the nares. For some species mass was not taken from mist netting data and obtained from EltonTraits 1.0 
(Wilman et al 2013).  







Cardinalis cardinalis 98.55 23.82 90.47 18.16 13.11 10.27 13.32 42.64 
Carpodacus mexicanus 58.33 18.34 75.90 11.49 8.41 7.29 8.12 21.40 
Cettia diphone 55.61 22.69 56.03 12.20 7.05 4.15 3.59 13.31 
Chlorodrepanis flavus 41.12 20.85 63.92 14.82 11.60 4.60 4.73 12.64 
Copsychus malabaricus 116.75 25.41 87.78 17.03 10.92 5.36 5.38 29.70 
Estrilda astrild 40.14 13.30 42.83 9.26 10.00 4.91 5.91 8.29 
Garrulax canorus 89.30 36.40 86.70 21.17 13.77 6.10 7.23 62.78 
Geopelia striata 95.46 19.73 96.83 15.44 8.65 4.14 4.04 56.60 
Himatione sanguinea 48.95 22.53 71.19 16.66 12.40 5.22 4.56 15.17 
Leiothrix lutea 54.92 23.74 66.59 13.15 7.68 5.08 5.02 21.10 
Lonchura punctulata 37.98 14.06 52.54 11.85 8.58 6.81 8.12 13.60 
Paroaria coronata 82.48 24.66 97.78 15.01 10.38 7.35 8.79 37.79 
Pycnonotus cafer 89.13 23.43 94.76 19.29 10.42 6.37 5.91 37.20 
Pycnonotus jocosus 77.25 20.37 79.13 16.28 8.89 5.52 5.06 26.30 
Spilopelia chinensis 141.31 27.03 149.54 20.25 10.31 5.68 5.75 159.00 
Tiaris olivaceus 41.40 15.50 49.40 9.70 6.35 4.50 6.10 8.50 




APPENDIX K: ECOLOGICAL NICHE DATA TAKEN FROM FIELD OBSERVATIONS OF THE FOCAL SPECIES 
 
The ecological data taken during the field observations of the five focal species at the four sites. For every data type except height, the 
probability of observing the behavior during the observations is given. The relative height (height observed divided by the average 
canopy height) is given for the max and min height. EKA = Ekahanui, MOA = Moanalua Valley, PAH = Pahole Natural Area 
Reserve, and WAI = Waimea Valley. 






     japonicus 
EKA 0.838 0.027 0.054 0.206 0.529 0.333 0.833 0.019 0.617 0.536 
MOA 0.870 0.043 0.130 0.348 0.522 0 1 0 0.479 0.376  
PAH 0.760 0.080 0.040 0.106 0.541 0.375 0.813 0 0.759 0.653  
WAI 0.833 0 0.111 0.100 0.400 0.455 0.636 0 0.547 0.434  
Total 0.813 0.047 0.070 0.154 0.505 0.342 0.789 0.004 0.600 0.500  
           
            
Leiothrix  
     lutea 
EKA 1 0 0 0 0.773 0.667 1 0.065 0.426 0.263 
MOA 0.864 0 0.227 0.018 0.636 1 0.143 0.122 0.283 0.182  
PAH 0.750 0.125 0.250 0 0.659 0.667 0.333 0.022 0.512 0.380  
WAI 0.333 0.222 0.667 0 0.652 0.667 0.333 0.172 0.418 0.260  
Total 0.761 0.065 0.283 0.007 0.667 0.813 0.375 0.095 0.409 0.271  
           
            
Pycnonotus  
     cafer 
EKA 0 1 0 0 0.125 0 1 0 1.101 1.086 
MOA 0.364 0.364 0.409 0 0.233 0.200 0.933 0 0.612 0.500  
PAH 0.143 0 0 0 0.308 0.556 0.667 0 1.168 1.063  
WAI 0.556 0.444 0.111 0.020 0 0.120 1 0 0.781 0.712 
  Total 0.341 0.366 0.244 0.009 0.140 0.220 0.920 0 0.915 0.840 
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     jocosus EKA 0.333 0.833 0 0 0.091 0 1 0 0.534 0.441 
MOA 0.531 0.344 0.313 0.088 0.455 0.111 1 0.065 0.489 0.378  
PAH 0.250 0 0.750 0 0.154 NA NA 0 0.731 0.686  
WAI 0.167 0.333 0.500 0 0.138 0.200 0.900 0.030 0.672 0.554  
Total 0.438 0.375 0.333 0.034 0.256 0.150 0.950 0.035 0.701 0.620  
           
            
Copsychus  
     malabaricus EKA NA NA NA 0 0.250 NA NA 0 0.227 0.227 
MOA NA NA NA 0 0.208 0 1 0.207 0.193 0.125  
PAH NA NA NA 0 0.143 NA NA 0 0.270 0.199  
WAI NA NA NA 0 0 NA NA 0.250 0.242 0.106 
  




APPENDIX L: MEAN ESTIMATED ABUNDANCE OF BIRDS AT EACH SITE 
 
The site average of each species’ estimated abundance with ± standard error of the site abundance average. The * represents native 
species. The † represents the four species that were the most dominant species in the seed dispersal networks of O‘ahu from Vizentin-
Bugoni et al. (2019). The § represents bird species that did not have enough detections to for the models and therefore the estimated 
abundances are counts averaged over the length of the study. See text and Table 4.1 for site abbreviations. 
Family Species Code EKA KAH MOA MTK PAH TAN WAI 
Apodidae Aerodramus  
     bartschi§ 
MASW 0 0 0.008 
±0.005 
0 0 0 0 
Cardinalidae Cardinalis  















Cettiidae Horornis  















Columbidae Columba   
     livia§ 
ROPI 0 0.181 
±0.105 





































Estrildidae Estrilda  















  Lonchura  












APPENDIX L (continued):  
Family Species Code EKA KAH MOA MTK PAH TAN WAI 
Fringillidae Haemorhous  

































Himatione   















Leiothrichidae Garrulax  














Leiothrix   















Monarchidae Chasiempis  





0 0 0 0 
Muscicapidae Copsychus  















Phasianidae Gallus   
     gallus§ 
















  Pternistis  
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Family Species Code EKA KAH MOA MTK PAH TAN WAI 
Pycnonotidae Pycnonotus  
































Sturnidae Acridotheres  





0 0 0 0 
Thraupidae Paroaria  















Zosteropidae Zosterops  


















APPENDIX M: MEAN STEM COUNTS OF EACH WOODY PLANT SPECIES 
 
Average stem count and standard error for all detected woody plants species at each site. See text and Table 4.1 for site abbreviations. 
Bolded species are native to O‘ahu. The † represents the native and non-native species that are used in species specific analyses of 
Chapter 4. 
Species Code 
EKA KAH MOA MTK PAH TAN WAI 
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Acacia 
    confusa 
AcaCon 0 - 0 - 0 - 0 - 0 - 0 - 0.02 0.02 
Acacia 
    koa† 
AcaKoa 0.02 0.02 0.52 0.13 0 - 0 - 0.06 0.04 0.10 0.05 0.19 0.07 
Aleurites 
    moluccana 
AleMol 0 - 7.92 1.81 0 - 0 - 3.71 1.30 0 - 0 - 
Antidesma 
    platyphyllum 
AntPla 0 - 0.04 0.03 0 - 0 - 0.03 0.03 0.02 0.02 0 - 
Ardisia  
    crenata 
ArdCre 0 - 0 - 0 - 0 - 0 - 0.19 0.11 0 - 
Ardisia 
    elliptica 
ArdEll 0 - 0 - 0 - 0 - 0 - 1.90 0.56 0.75 0.26 
Bamboo 
    spp. 
BamSpp 0 - 0 - 0 - 0 - 0 - 7.17 2.31 0 - 
Broussaisia 
    arguta 
BroArg 0 - 0 - 0 - 3.11 0.72 0 - 0 - 0 - 
Casuarina 
    spp. 
CasSpp 3.75 1.21 0 - 0 - 0 - 0 - 0 - 0.10 0.06 
Cestrum 
    nocturnum 
CesNoc 0 - 0 - 0 - 0 - 0 - 0.23 0.10 0 - 
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Species Code 
EKA KAH MOA MTK PAH TAN WAI 
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Chamaesyce 
    spp. 
Euphorb 0 - 0 - 0 - 0 - 0.03 0.03 0 - 0 - 
Charpentiera 
    spp. 
ChaSpp 0 - 0 - 0 - 0 - 0.03 0.03 0 - 0 - 
Cheirodendron 
    platyphyllum 
ChePla 0 - 0 - 0 - 0.11 0.08 0 - 0 - 0 - 
Chrysophyllum 
    oliviforme 
ChrOli 0 - 0 - 0 - 0 - 0 - 0 - 0.02 0.02 
Cinnamomum 
    burmanni 
CinBur 0 - 0 - 0 - 0 - 0 - 2.92 0.66 0 - 
Citharexylum 
    caudatum 
CitCau 0 - 0 - 0.02 0.02 0 - 0 - 0.56 0.14 0 - 
Clermontia 
    angustifolia 
CleAng 0 - 0.02 0.02 0 - 0 - 0 - 0 - 0 - 
Clermontia 
    kakeana 
CleKak 0 - 0 - 0 - 0 - 0 - 0.02 0.02 0 - 
Coffea 
    arabica 
CofAra 0.35 0.13 0 - 0 - 0 - 0 - 0.42 0.22 0 - 
Coprosma 
    foliosa 
CopFol 0 - 0.02 0.02 0 - 0 - 0 - 0 - 0 - 
Coprosma 
    spp. 
CopSpp 0 - 0.04 0.03 0 - 0.06 0.06 0.20 0.12 0 - 0 - 
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Species Code 
EKA KAH MOA MTK PAH TAN WAI 
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Cordyline 
    fruticosa 
CorFru 0 - 0.04 0.04 0.04 0.04 0 - 0.03 0.03 0.23 0.13 0 - 
Diospyros 
    hillebrandii 
DioHil 0 - 0.02 0.02 0 - 0 - 0 - 0 - 0 - 
Diospyros 
    sandwicensis 
DioSan 0 - 0.04 0.03 0 - 0 - 0 - 0 - 0 - 
Dodonaea 
    viscosa 
DodVis 0 - 0.06 0.05 0 - 0 - 0 - 0 - 0 - 
Elaeocarpus 
    bifidus 
ElaBif 0 - 0.02 0.02 0 - 0 - 0 - 0 - 0 - 
Eucalyptus 
    spp. 
EucSpp 0.04 0.03 0.02 0.02 0 - 0 - 0 - 0 - 0.04 0.03 
Ficus 
    spp. 
FicSpp 0 - 0 - 0.06 0.04 0 - 0 - 0 - 0 - 
Fraxinus  
    uhdei 
FraUhd 1.21 0.48 0 - 0 - 0 - 0.20 0.20 0 - 0 - 
Grevillea 
    robusta 
GreRob 0.06 0.04 0.02 0.02 0 - 0 - 0.03 0.03 0 - 0 - 
Hibiscus 
    arnottianus 
HibArn 0 - 0 - 0 - 0 - 0 - 0.19 0.11 0 - 
Ilex 
    anomala 
IleAno 0 - 0 - 0 - 0.50 0.20 0 - 0 - 0 - 
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Species Code 
EKA KAH MOA MTK PAH TAN WAI 
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Kadua 
    affinis 
KadAff 0 - 0.15 0.09 0 - 0 - 0.06 0.04 0 - 0 - 
Leptecophylla 
    tameiameiae 
LepTam 0 - 0.42 0.15 0 - 3.89 0.86 0 - 0 - 0 - 
Leucaena 
    leucocephala 
LeuLeu 0.27 0.21 0 - 0.21 0.16 0 - 0 - 0 - 0.06 0.03 
Livistona 
    chinensis 
LivChi 0 - 0 - 0.23 0.10 0 - 0 - 0 - 0 - 
Macadamia 
    integrifolia 
MacInt 0.04 0.03 0 - 0 - 0 - 0 - 0 - 0 - 
Mangifera 
    indica 
ManInd 0 - 0 - 0.35 0.12 0 - 0 - 0 - 0 - 
Melaleuca 
    quinquinervia 
MelQui 0.06 0.04 0 - 0 - 0 - 0 - 0.06 0.04 0 - 
Melicope 
    spp. 
MelSpp 0 - 0 - 0 - 1.11 0.33 0 - 0 - 0 - 
Metrosideros 
    polymorpha† 
MetPol 0 - 1.15 0.29 0 - 7.61 0.98 0.37 0.14 0.04 0.03 0.06 0.04 
Nestegis 
    sandwicensis 
NesSan 0 - 0 - 0 - 0 - 0.11 0.05 0 - 0 - 
Pimenta 
    racemose 
PimRac 0 - 0 - 0.13 0.07 0 - 0 - 0 - 0 - 
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Species Code 
EKA KAH MOA MTK PAH TAN WAI 
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Pipturus 
    albidus† 
PipAlb 0 - 0.17 0.12 0 - 0 - 0.06 0.06 0.02 0.02 0 - 
Pisonia 
    spp. 
PisSpp 0 - 0.04 0.04 0 - 0 - 0.03 0.03 0 - 0 - 
Pritchardia 
    spp. 
PriSpp 0 - 0 - 0 - 0 - 0.09 0.06 0 - 0 - 
Psidium 
    cattleianum† 
PsiCat 2.27 0.90 3.02 0.64 6.48 2.09 0 - 10.03 3.72 0.04 0.03 11.98 2.38 
Psidium 
    guajava 
PsiGua 0.21 0.08 0 - 0 - 0 - 0.20 0.15 0.19 0.06 0.02 0.02 
Psydrax 
    odorata† 
PsyOdo 0 - 1.23 0.40 0 - 0 - 0.29 0.13 0 - 0.75 0.26 
Psychotria 
    spp. 
PsySpp 0 - 0.02 0.02 0 - 0 - 0.09 0.06 0.02 0.02 0 - 
Sapindus 
    oahuensis 
SapOah 0.04 0.04 0 - 0 - 0 - 0 - 0 - 0 - 
Scaevola 
    gaudichaudiana 
ScaGua 0 - 0.04 0.03 0 - 0 - 0 - 0 - 0.02 0.02 
Schefflera 
    actinophylla 
SchAct 0 - 0 - 0.06 0.04 0 - 0 - 0.08 0.08 0 - 
Schinus 
    terebinthifolius† 
SchTer 1.06 0.37 0.96 0.23 0.10 0.07 0 - 1.69 0.41 0 - 0.04 0.03 
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Species Code 
EKA KAH MOA MTK PAH TAN WAI 
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Syzygium 
    cumini 
SyzCum 0.29 0.29 0 - 0.48 0.14 0 - 0 - 0 - 0.38 0.10 
Toona 
    sinensis 
TooSin 0.02 0.02 0 - 0 - 0 - 0 - 0 - 0 - 
Trema 
    orientalis 
TreOri 0 - 0 - 0.04 0.03 0 - 0 - 0 - 0 - 
Xylosma 
    hawaiiense 
XylHaw 0 - 0 - 0 - 0 - 0.03 0.03 0 - 0 - 
Other Palm 
    spp. 
PalSpp 0 - 0 - 0.02 0.02 0 - 0 - 0 - 0 - 
Unknown 
    Woody spp. 
UnkWud 0 - 0.27 0.11 0.29 0.14 11.44 2.33 0.03 0.03 0.15 0.05 0 - 
Tree Fern spp. Tfern 0 - 1.46 1.02 0 - 28.3 3.62 0.14 0.14 0.63 0.63 0 - 
159 
 
APPENDIX N: MEAN PERCENT COVER OF EACH HERBACEOUS PLANT SPECIES 
 
Average percent cover and standard error for all detected herbaceous and vine plants species at each site. See text and Table 4.1 for 
site abbreviations. Bolded species are native to O‘ahu. The † represents the species that are used in species specific analyses of 
Chapter 4. 
Species Code 
EKA KAH MOA MTK PAH TAN WAI 
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Alyxia  
    stellata 
AlySte 0.10 0.05 0 - 0.27 0.14 0 - 0 - 0 - 0 - 
Clidemia 
    hirta† 
CliHir 0.42 0.25 15.94 3.09 2.71 0.83 0.83 0.61 12.86 3.08 6.46 1.50 13.46 2.72 
Dianella 
    sandwicensis 
DiaSan 0.31 0.31 1.98 0.76 0 - 20.28 4.67 0 - 0 - 0 - 
Epipremnum 
    pinnatum 
EpiPin 0 - 0 - 1.56 1.46 0 - 0 - 0 - 0 - 
Freycinetia 
    arborea 
FreArb 0 - 0 - 0 - 0 - 0 - 9.58 3.07 0 - 
Hedychium 
    spp. 
HedSpp 0 - 0 - 3.96 1.46 0 - 0 - 9.48 2.47 0 - 
Hibiscus 
    tiliaceus 
HibTil 0 - 0 - 17.29 4.33 0 - 0 - 0 - 0 - 
Lantana 
    camara 
LanCam 0.73 0.39 1.88 0.90 0 - 0 - 1.86 1.07 0 - 0 - 
Paederia 
    foetida 
PaeFoe 0 - 0 - 10.00 2.67 0 - 0 - 0.10 0.10 0 - 
Passiflora 
    edulis 
PasEdu 0 - 0.10 0.10 0 - 0 - 0 - 0 - 2.12 1.58 
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Species Code 
EKA KAH MOA MTK PAH TAN WAI 
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Passiflora 
    suberosa 
PasSub 3.54 0.92 0 - 0 - 0 - 0.57 0.34 0 - 1.44 0.72 
Rivina   
    humilis 
RivHum 6.77 2.64 0 - 0.21 0.21 0 - 0 - 0 - 0 - 
Rubus 
    argutus 
RubArg 0 - 0 - 0 - 6.94 3.50 0 - 0 - 0 - 
Rubus 
    rosifolius† 
RubRos 0 - 1.25 0.43 0.21 0.21 0 - 3.00 1.44 0.52 0.37 0 - 
Unknown  
    Vine spp. 
VineSp 0 - 0 - 0.21 0.15 0 - 0 - 1.25 0.55 0 - 
Fern spp. Fern 6.77 2.69 17.71 3.46 19.38 4.16 9.17 3.06 20.89 2.71 7.19 1.88 21.15 4.03 
Woody 
    Seedlings 
Seedlings 0.31 0.31 0 - 0.63 0.53 0 - 0 - 16.04 4.04 1.35 0.95 
Non-fruiting 
    forb spp. 
Herb 0.10 0.10 8.96 2.17 2.08 1.35 8.33 2.68 6.43 1.83 0.42 0.42 1.44 0.52 
Sedge spp. Sedge 0 - 0 - 0 - 9.44 4.92 0.00 - 0.31 0.31 0.19 0.19 
Short  
    Grass spp. 
Grass 27.08 5.19 10.98 2.48 31.98 5.12 29.72 9.27 27.71 5.56 13.23 3.51 5.19 2.37 
Tall  
    Grass spp. 
Tgrass 9.38 3.21 4.94 1.99 8.54 3.37 0 - 2.00 1.48 0 - 13.56 3.20 
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APPENDIX O: MODEL AVERAGED ESTIMATES FOR THE  
ENVIRONMENTAL VARIABLES 
 
The estimate betas with lower and upper 95% confidence levels for the environmental variables’ 
relationship with the abundance of bird species averaged over models that comprised 95% of the 
cumulative model weight. The bolded variables are those whose confidence intervals do not 
encompass zero. † Represents native species. See text and Appendix L for species codes. 





APAP† Canopy Cover 0.139 0.027 0.276 
 Canopy Height -0.110 -0.396 0.033 
 Elevation 0.264 -1.860 2.683 
 Elevation2 -0.054 -3.037 2.485 
 Fruit Proportion 0.028 -0.486 0.673 
 Invasion Level 0.104 -0.346 0.881 
 Richness -0.090 -0.408 0.073 
     
COMW Canopy Cover -0.181 -0.241 -0.121 
 Canopy Height -0.020 -0.154 0.041 
 Elevation -1.400 -1.841 -0.959 
 Elevation2 1.065 0.733 1.397 
 
Fruit 
Proportion -0.311 -0.456 -0.167 
 Invasion Level -0.378 -0.591 -0.165 
 Richness 0.108 0.018 0.226 
     
HOFI Canopy Cover -0.008 -0.151 0.094 
 Canopy Height -0.010 -0.129 0.065 
 Elevation 2.227 0.315 4.165 
 Elevation2 -4.188 -7.317 -1.148 
 Fruit Proportion -0.111 -0.614 0.137 
 Invasion Level 0.631 0.151 1.404 
 Richness 0.826 0.236 1.425 
     
JABW Canopy Cover 0.031 -0.024 0.147 
 Canopy Height -0.229 -0.413 -0.054 
 Elevation -0.066 -1.028 0.782 
 Elevation2 0.113 -0.520 1.514 
 Fruit Proportion -0.129 -0.421 0.034 
 Invasion Level -0.445 -0.903 -0.157 
  Richness 0.061 -0.125 0.397 
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APPENDIX O (continued): 





JAWE Canopy Cover -0.065 -0.102 -0.027 
 Canopy Height 0.009 -0.017 0.063 
 Elevation -0.304 -0.465 -0.143 
 Elevation2 0.041 -0.065 0.264 
 Fruit Proportion -0.115 -0.172 -0.058 
 Invasion Level -0.148 -0.249 -0.051 
 Richness 0.124 0.072 0.175 
     
NOCA Canopy Cover 0.013 -0.100 0.193 
 Canopy Height 0.012 -0.091 0.174 
 Elevation 1.115 0.051 2.453 
 Elevation2 -1.353 -3.324 -0.357 
 Fruit Proportion 0.352 0.100 0.689 
 Invasion Level 0.612 0.132 1.288 
 Richness 0.228 -0.011 0.640 
     
OAAM† Canopy Cover 0.016 -0.108 0.233 
 Canopy Height 0.003 -0.112 0.141 
 Elevation -1.238 -2.556 0.080 
 Elevation2 3.830 2.154 5.506 
 Fruit Proportion 0.916 0.487 1.345 
 Invasion Level 3.694 2.170 5.217 
 Richness 1.920 1.019 2.820 
     
RBLE Canopy Cover 0.003 -0.030 0.055 
 Canopy Height -0.005 -0.065 0.031 
 Elevation 0.372 0.171 0.573 
 Elevation2 -0.789 -1.015 -0.563 
 Fruit Proportion 0.093 0.032 0.153 
 Invasion Level 0.048 -0.024 0.195 
  Richness 0.190 0.129 0.250 
     
RCCA Canopy Cover 0.002 -0.212 0.226 
 Canopy Height -0.028 -0.331 0.154 
 Elevation -1.774 -2.855 -0.693 
 Elevation2 0.039 -1.652 1.958 
 Fruit Proportion -0.620 -1.094 -0.156 
 Invasion Level -0.503 -1.376 0.030 
 Richness 0.071 -0.183 0.552 
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APPENDIX O (continued): 





RVBU Canopy Cover -0.118 -0.172 -0.063 
 Canopy Height -0.025 -0.122 0.018 
 Elevation -0.681 -0.919 -0.443 
 Elevation2 0.052 -0.105 0.396 
 Fruit Proportion -0.232 -0.326 -0.138 
 Invasion Level -0.428 -0.599 -0.257 
 Richness -0.010 -0.112 0.044 
     
RWBU Canopy Cover -0.033 -0.114 0.008 
 Canopy Height -0.036 -0.122 0.008 
 Elevation -0.276 -0.526 -0.025 
 Elevation2 -0.047 -0.817 0.479 
 Fruit Proportion 0.002 -0.064 0.084 
 Invasion Level -0.008 -0.173 0.114 
 Richness -0.020 -0.141 0.040 
     
SPDO Canopy Cover -0.020 -0.158 0.048 
 Canopy Height -0.005 -0.100 0.064 
 Elevation 0.400 -2.384 3.597 
 Elevation2 -0.844 -5.785 0.667 
 Fruit Proportion -0.153 -0.819 0.197 
 Invasion Level 1.532 0.770 2.377 
 Richness 0.028 -0.513 0.728 
     
WRSH Canopy Cover 0.013 -0.051 0.128 
 Canopy Height 0.119 0.041 0.197 
 Elevation 0.586 0.162 1.038 
 Elevation2 -0.885 -1.543 -0.269 
 Fruit Proportion 0.429 0.308 0.550 
 Invasion Level 0.621 0.380 0.863 
 Richness 0.327 0.180 0.474 
     
ZEBD Canopy Cover 0.016 -0.086 0.188 
 Canopy Height 0.017 -0.079 0.188 
 Elevation 1.123 -3.305 5.551 
 Elevation2 -4.848 -12.111 0.254 
 Fruit Proportion -1.025 -1.720 -0.501 
 Invasion Level -0.022 -1.401 1.260 
  Richness -0.408 -1.104 -0.015 
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APPENDIX P: RELATIONSHIPS OF PLANT SPECIES TO THE NMDS DIMENSIONS 
 
Correlations and R2 values for the relationship between each plant species and the two 
dimensions of a non-metric multidimensional scaling ordination. The * represents native species. 
The † represents the native and non-native species that were used in species specific analyses of 
Chapter 4. Bolded values represent the plant species whose abundance explained a significant 
portion of the variance in the ordination. 
Species Code Dimension 1 Dimension 2 R2 
Tree Fern spp. Tfern 0.911 -0.413 0.73 
Metrosideros polymorpha*† MetPol 0.934 -0.358 0.67 
Dianella sandwicensis* DiaSan 0.922 -0.387 0.55 
Broussaisia arguta* BroArg 0.891 -0.454 0.53 
Unknown Woody spp. UnkWud 0.911 -0.412 0.53 
Leptecophylla tameiameiae* LepTam 0.927 -0.376 0.51 
Ilex anomala* IleAno 0.889 -0.459 0.48 
Melicope spp.* MelSpp 0.888 -0.460 0.37 
Cinnamomum burmanni CinBur -0.083 0.997 0.27 
Cheirodendron platyphyllum* ChePla 0.856 -0.517 0.26 
Citharexylum caudatum CitCau -0.092 0.996 0.24 
Tall Grass spp. Tgrass -0.329 -0.944 0.21 
Hedychium spp. HedSpp -0.153 0.988 0.21 
Woody Seedlings Seedlings -0.118 0.993 0.18 
Rubus argutus RubArg 0.839 -0.543 0.16 
Passiflora suberosa PasSub -0.186 -0.983 0.15 
Non-fruiting forb spp. Herb 0.988 0.156 0.15 
Sedge spp. Sedge 0.812 -0.583 0.15 
Syzygium cumini SyzCum -0.455 -0.890 0.12 
Cestrum nocturnum CesNoc -0.066 0.998 0.10 
Unknown Vine spp. VineSp -0.103 0.995 0.10 
Cordyline fruticosa CorFru -0.077 0.997 0.09 
Bamboo spp. BamSpp -0.104 0.995 0.08 
Freycinetia arborea* FreArb -0.087 0.996 0.08 
Psidium cattleianum† PsiCat -0.489 -0.872 0.08 
Alyxia stellata* AlySte 0.332 0.943 0.07 
Ardisia crenata ArdCre -0.074 0.997 0.07 
Ardisia elliptica ArdEll -0.344 0.939 0.06 
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APPENDIX P (continued): 
Species Code Dimension 1 Dimension 2 R2 
Schefflera actinophylla SchAct -0.179 0.984 0.05 
Casuarina spp. CasSpp -0.143 -0.990 0.04 
Hibiscus arnottianus* HibArn -0.093 0.996 0.04 
Hibiscus tiliaceus HibTil -0.861 0.509 0.03 
Passiflora edulis PasEdu -0.396 -0.918 0.03 
Mangifera indica ManInd -0.908 0.420 0.03 
Clermontia kakeana* CleKak -0.093 0.996 0.03 
Kadua affinis* KadAff 0.235 0.972 0.03 
Fern spp. Fern -0.431 -0.902 0.03 
Coprosma spp.* CopSpp 0.912 0.410 0.03 
Paederia foetida PaeFoe -0.909 0.417 0.02 
Rivina humilis RivHum -0.165 -0.986 0.02 
Coffea arabica CofAra -0.218 0.976 0.02 
Antidesma platyphyllum* AntPla 0.135 0.991 0.02 
Eucalyptus spp. EucSpp -0.332 -0.943 0.02 
Psychotria spp.* PsySpp 0.249 0.968 0.02 
Rubus rosifolius† RubRos 0.318 0.948 0.02 
Leucaena leucocephala LeuLeu -0.442 -0.897 0.02 
Pisonia spp.* PisSpp 0.242 0.970 0.02 
Acacia confusa AcaCon -0.436 -0.900 0.02 
Short Grass spp. Grass 0.671 -0.742 0.02 
Fraxinus uhdei FraUhd -0.102 -0.995 0.02 
Diospyros hillebrandii* DioHil 0.147 0.989 0.02 
Ficus spp. FicSpp -0.911 0.412 0.02 
Elaeocarpus bifidus* ElaBif 0.248 0.969 0.02 
Chrysophyllum oliviforme ChrOli -0.473 -0.881 0.02 
Macadamia integrifolia MacInt -0.148 -0.989 0.02 
Pimenta racemosa PimRac -0.880 0.474 0.01 
Nestegis sandwicensis* NesSan 0.765 0.644 0.01 
Trema orientalis TreOri -0.971 0.238 0.01 
Livistona chinensis LivChi -0.912 0.409 0.01 
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APPENDIX P (continued): 
Species Code Dimension 1 Dimension 2 R2 
Schinus terebinthifolius† SchTer 0.657 -0.754 0.01 
Diospyros sandwicensis* DioSan 0.243 0.970 0.01 
Sapindus oahuensis* SapOah -0.177 -0.984 0.01 
Dodonaea viscosa* DodVis 0.249 0.969 0.01 
Aleurites moluccana AleMol -0.971 -0.238 0.01 
Toona sinensis TooSin -0.158 -0.987 0.01 
Lantana camara LanCam 0.818 0.575 0.01 
Clidemia hirta† CliHir -0.809 0.588 0.01 
Xylosma hawaiiense* XylHaw 0.522 0.853 0.01 
Clermontia angustifolia* CleAng 0.196 0.981 0.01 
Acacia koa*† AcaKoa -0.150 0.989 0.01 
Epipremnum pinnatum EpiPin -0.951 0.308 0.01 
Other Palm spp. PalSpp -0.951 0.308 0.01 
Melaleuca quinquinervia MelQui -0.969 -0.247 0.01 
Coprosma foliosa* CopFol 0.259 0.966 0.01 
Psydrax odorata*† PsyOdo -0.040 0.999 0.00 
Charpentiera spp.* ChaSpp 0.962 -0.274 0.00 
Chamaesyce spp. Euphorb 0.843 0.538 0.00 
Pritchardia spp. PriSpp 0.843 0.538 0.00 
Pipturus albidus*† PipAlb 0.343 0.939 0.00 
Psidium guajava PsiGua -0.480 0.878 0.00 
Scaevola gaudichaudiana* ScaGua -0.173 0.985 0.00 
Grevillea robusta GreRob -0.131 -0.991 0.00 
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APPENDIX Q: NMDS DIMENSION SCORES OF EACH BIRD SPECIES 
 
Scores for each bird species on the two dimensions of a non-metric multidimensional scaling 
ordination. The * represents native species. The † represents the six species that were used in 
species specific analyses of Chapter 4. 
Species Code Dimension 1 Dimension 2 
Himatione sanguinea*† APAP 0.927 0.153 
Horornis diphone† JABW 0.798 -0.027 
Gallus gallus REJU -0.492 -0.046 
Aerodramus bartschi MASW -0.455 0.117 
Paroaria coronata† RCCA -0.426 -0.255 
Spilopelia chinensis† SPDO -0.349 -0.174 
Columba livia ROPI 0.340 0.636 
Geopelia striata† ZEBD -0.286 -0.458 
Pycnonotus jocosus† RWBU -0.271 -0.042 
Acridotheres tristis COMY -0.244 -0.716 
Lonchura punctulata SBMU -0.234 -0.613 
Pycnonotus cafer† RVBU -0.223 -0.162 
Lophura leucomelanos KAPH 0.197 0.182 
Pternistis erckelii ERFR 0.196 0.070 
Chasiempis ibidis* OAEL -0.190 -0.546 
Cardinalis cardinalis† NOCA -0.175 -0.027 
Haemorhous mexicanus† HOFI -0.171 -0.254 
Copsychus malabaricus† WRSH -0.170 0.295 
Garrulax canorus HWAM -0.156 -0.138 
Leiothrix lutea† RBLE -0.092 0.148 
Estrilda astrild† COMW -0.077 -0.289 
Zosterops japonicus† JAWE -0.072 0.009 
Hemignathus flavus*† OAAM -0.016 0.092 
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APPENDIX R: MODEL AVERAGED ESTIMATES FOR THE  
SELECTED PLANT SPECIES 
 
The estimate betas with lower and upper 95% confidence levels for the selected plant species’ 
relationship with selected bird species’ abundances averaged over models that comprised 95% of 
the cumulative model weight. The bolded variables are those whose confidence intervals do not 
encompass zero. † Represents native species and * represents plant species that produce fleshy 
fruit. See text and Appendix L and M for species codes. 





APAP† CliHir* 0.010 -0.063 0.134 
 MetPol† 0.148 0.074 0.223 
 PipAlb
†* 0.014 -0.032 0.108 
 PsiCat* 0.001 -0.113 0.120 
 PsyOdo
†* 0.020 -0.032 0.132 
 RubRos* -0.069 -0.194 0.003 
 SchTer* -0.034 -0.252 0.076 
 AcaKoa
† 0.000 -0.099 0.096 
     
COMW AcaKoa† 0.002 -0.056 0.068 
 CliHir* -0.002 -0.076 0.056 
 MetPol† -0.213 -0.323 -0.103 
 PipAlb
†* 0.012 -0.031 0.096 
 PsiCat* -0.120 -0.181 -0.059 
 PsyOdo
†* -0.040 -0.124 0.006 
 RubRos* -0.189 -0.269 -0.109 
 SchTer* 0.000 -0.069 0.067 
     
HOFI AcaKoa† -0.227 -0.685 0.038 
 CliHir* 0.044 -0.103 0.340 
 MetPol
† -0.747 -1.868 0.060 
 PipAlb†* 0.170 0.022 0.365 
 PsiCat* 0.036 -0.050 0.217 
 PsyOdo
†* 0.008 -0.212 0.272 
 RubRos* 0.027 -0.120 0.280 
  SchTer* 0.008 -0.045 0.097 
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APPENDIX R (continued): 





JABW AcaKoa† 0.029 -0.017 0.130 
 CliHir* 0.013 -0.039 0.114 
 MetPol† 0.145 0.060 0.231 
 PipAlb
†* -0.016 -0.099 0.025 
 PsiCat* -0.009 -0.117 0.056 
 PsyOdo
†* -0.016 -0.118 0.034 
 RubRos* -0.028 -0.119 0.016 
 SchTer* 0.018 -0.045 0.145 
     
JAWE AcaKoa† -0.004 -0.055 0.030 
 CliHir* -0.033 -0.080 -0.003 
 MetPol† -0.120 -0.188 -0.052 
 PipAlb†* 0.035 0.010 0.064 
 PsiCat* -0.065 -0.103 -0.027 
 PsyOdo
†* 0.000 -0.037 0.037 
 RubRos* 0.002 -0.025 0.042 
 SchTer* 0.000 -0.036 0.038 
     
NOCA AcaKoa† -0.029 -0.333 0.152 
 CliHir* -0.230 -0.428 -0.055 
 MetPol
† 0.069 -0.289 0.719 
 PipAlb
†* -0.004 -0.180 0.146 
 PsiCat* -0.090 -0.257 0.004 
 PsyOdo
†* 0.049 -0.093 0.340 
 RubRos* -0.030 -0.230 0.071 
 SchTer* 0.002 -0.100 0.120 
     
OAAM† CliHir* -0.063 -0.446 0.152 
 MetPol
† -0.042 -0.400 0.180 
 PipAlb
†* -0.042 -0.384 0.146 
 PsiCat* 0.003 -0.193 0.215 
 PsyOdo
†* -0.040 -0.475 0.218 
 RubRos* -0.034 -0.384 0.168 
 SchTer* -0.016 -0.174 0.074 
  AcaKoa† 0.087 -0.177 0.607 
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RBLE AcaKoa† -0.017 -0.077 0.011 
 CliHir* -0.001 -0.048 0.036 
 MetPol† -0.155 -0.273 -0.043 
 PipAlb
†* -0.026 -0.075 0.001 
 PsiCat* -0.007 -0.060 0.020 
 PsyOdo
†* -0.018 -0.072 0.008 
 RubRos* 0.014 -0.008 0.059 
 SchTer* -0.004 -0.056 0.032 
     
RVBU AcaKoa† 0.001 -0.059 0.068 
 CliHir* 0.010 -0.030 0.087 
 MetPol
† -0.043 -0.238 0.049 
 PipAlb†* 0.065 0.022 0.114 
 PsiCat* -0.102 -0.161 -0.043 
 PsyOdo†* -0.096 -0.161 -0.032 
 RubRos* -0.047 -0.140 0.004 
 SchTer* 0.045 0.003 0.120 
     
RWBU AcaKoa† 0.005 -0.046 0.083 
 CliHir* -0.003 -0.081 0.055 
 MetPol
† -0.130 -0.360 0.006 
 PipAlb
†* -0.020 -0.127 0.033 
 PsiCat* 0.002 -0.058 0.072 
 PsyOdo
†* 0.009 -0.029 0.080 
 RubRos* 0.008 -0.060 0.118 
 SchTer* -0.048 -0.145 0.005 
     
SPDO AcaKoa† 0.033 -0.136 0.334 
 CliHir* 0.167 0.009 0.441 
 MetPol
† -0.213 -1.534 0.463 
 PipAlb
†* 0.018 -0.175 0.310 
 PsiCat* -0.012 -0.170 0.086 
 PsyOdo
†* -0.225 -0.657 0.047 
 RubRos* -0.263 -0.832 0.067 
  SchTer* 0.003 -0.046 0.067 
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WRSH AcaKoa† -0.001 -0.120 0.114 
 CliHir* -0.098 -0.205 -0.016 
 MetPol† -0.913 -1.295 -0.531 
 PipAlb†* 0.007 -0.051 0.101 
 PsiCat* -0.052 -0.156 0.005 
 PsyOdo†* -0.006 -0.123 0.079 
 RubRos* -0.009 -0.094 0.039 
 SchTer* 0.004 -0.075 0.104 
     
ZEBD AcaKoa† -0.005 -0.588 0.546 
 CliHir* -0.030 -0.544 0.331 
 MetPol† -1.327 -7.603 2.342 
 PipAlb†* -3.543 -7699.376 7674.674 
 PsiCat* -0.004 -0.187 0.155 
 PsyOdo†* -0.010 -0.479 0.398 
 RubRos* -1.693 -3.680 0.080 
  SchTer* 0.039 -0.006 0.129 
 
